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Abstract. The hygroscopic growth of atmospheric particles of the water activity range studied. Yet, the water uptake of
affects atmospheric chemistry and Earth’s climate. Waterthese NAFA mixtures transitioned to match the growth of the
soluble organic carbon (WSOC) constitutes a significantpure salt or saccharide at high values. The remaining four
fraction of the dry submicron mass of atmospheric aerosolsmixtures were based on chemical composition data for dif-
thus affecting their water uptake properties. Although theferent aerosol types. As expected, the two solutions repre-
WSOC fraction is comprised of many compounds, a set ofsenting organic aerosols (40 % HS /40 % succinic acid /20 %
model substances can be used to describe its behavior. Ftevoglucosan) showed lower water uptake than the two solu-
this study, mixtures of Nordic aquatic fulvic acid reference tions representing biomass burning aerosols (25 % HS/27 %
(NAFA) and Fluka humic acid (HA), with various combi- succinic acid/18 % levoglucosan/30 % ammonium sulfate).
nations of inorganic salts (sodium chloride and ammoniumHowever, interactions in multicomponent solutions may be
sulfate) and other representative organic compounds (levresponsible for the large variation of the relative water uptake
oglucosan and succinic acid), were studied. We measuredf identical mixtures containing different HSs above a water
the equilibrium water vapor pressure over bulk solutions ofactivity of 0.95. The ZSR (Zdanovskii, Stokes, and Robin-
these mixtures as a function of temperature and solute conson) model was able to predict reasonably well the hygro-
centration. New water activitya(,) parameterizations and scopic growth of all the mixtures belowy, = 0.95, but pro-
hygroscopic growth curves at 26 were calculated from duced large deviations for some multicomponent mixtures at
these data for particles of equivalent composition. We ex-higher values.

amined the effect of temperature on the water activity and
found a maximum variation of 9% in the 0-30 range,
and 2% in the 20-30C range. Five two-component mix-
tures were studied to understand the effect of adding a humié¢  Introduction

substance (HS), such as NAFA and HA, to an inorganic salt

or a saccharide. The deliquescence point at%or HS- The hygroscopic growth of atmospheric aerosols impacts
inorganic mixtures did not change significantly from that of Public health, atmospheric chemistry, and Earth's climate.
the pure inorganic species. However, the hygroscopic growtﬁrhe uptake of water by aerosol particles influences their
of HA/inorganic mixtures was lower than that exhibited by health effects, as reported in epidemiological studies (e.g.,
the pure salt, in proportion to the added mass of HA. TheP0schl, 2005, and references therein). It also alters aerosol
addition of NAFA to a highly soluble solute (ammonium sul- chemical reactivity, aging and its effects on visibility and
fate, sodium chloride or levoglucosan) in water had the samétmospheric composition (Sloane and Wolff, 1985; Pandis

effect as the addition of HA to the inorganic species for mostet al., 1995). Moreover, the interaction between water va-
por and aerosol particles is central to the climate effects of
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same HNMR technique. The similarity of the polycarboxylic

Subst: Chemical Category represented MW o supplier/Purit
ubstance Formula by compound (gmol’)  (gecm?) upplier/Purity . . . . . .
PS— _ PP — acid frgcuon to humic materials, observed in severa}l _studles
Wl Aromsitate wHaso wis e semenwinssn  (Mukai and Ambe, 1986; Havers et al., 1998; Facchini et al.,
n Levoglucosan C¢H,,Os WSOC Cat. I: Neutral species 162.141 1.688 Aldrich, 99% 19991 Gelen@’ et a|1 20001 K”ﬁCSy Et aly 20001 Duarte
Succinic acid C,H,0, WSOC Cat. Il Dicarboxylic acids  118.088 1.56  Acros Organic, 99% et al., 20051 Alfarra et al-: 2006)1 has earned thls fraCtlon the
B rruvic acio - WSOC Cot 1 Oraic sio s s name HL_Jmic-L_Ike Substances (HULIS).
£ humic acia polymers (HULIS) 2000 15 FukaChemical Following this approach, we have chosen model com-

NAFA-NACL  NAFA-AMSL  NAFALEVO NAFA-MIXORG  NAFA-MIXBIO pounds to represent each WSOC category in order to study

the water uptake of mixed atmospheric particles. Levoglu-
20% W cosan, a saccharide that is used as a tracer for biomass burn-
HANACL HAAMSL HAMIX HAMXBIO ing (Simoneit etal., 1999), was selected to represent category
=, D ‘ ‘?___ T I. Succinic acid, often identified as one of the most abundant
\ H & dicarboxylic acids in atmospheric aerosol samples (Rogge et
MASS 207, 5 & y P ples (Rogg

al., 1993; Chebbi and Carlier, 1996; Kerminen et al., 2000;
Fi laawamura et al., 2001a, b; Narukawa et al., 2002, Jung et
ig. 1. Substances chosen as model compounds, their properties an
mixtures of these substances studied in this work. 2010; Hegde and Kawamura, 2012), was chosen to repre-
sent category Il. The humic substances Nordic aquatic fulvic
acid reference (NAFA) and Fluka humic acid (HA), obtained
from the International Humic Substance Society (IHSS),
atmospheric aerosols — both their direct effect by radiationwere chosen as model compounds for category lll. To rep-
scattering and their indirect effects by modifying cloud prop- resent the inorganic component that can contribute to water
erties. These climate effects account for the largest cause afptake, we use sodium chloride and ammonium sulfate, two
uncertainty in radiative forcing estimates (IPCC, 2007). inorganic salts ubiquitous in the atmosphere. Figure 1 lists

Atmospheric particles consist of a mixture of organic these substances, along with their properties, and the nine
and inorganic components. The inorganic portion, previ-different mixtures prepared for this work. Two-component
ously thought to dominate the water uptake of atmospherianixtures were made in order to study the mixed particles
aerosols, has been well characterized. Organic matter caof humic substances with inorganic salts (NAFA-NACL,
be 20-50% of the total fine aerosol mass (Saxena andNAFA-AMSL, HA-NACL, and HA-AMSL), and with a
Hildemann, 1996; Putaud et al., 2004), and as high asategory | compound (NAFA-LEVO). The composition of
90 % over biomass burning regions during burning seasorthe remaining mixtures (NAFA-MIXORG, HA-MIXORG,
(Andreae and Crutzen, 1997; Talbot et al., 1988, 1990; Ar-NAFA-MIXBIO, and HA-MIXBIO) was adopted from two
taxo et al., 1988, 1990; Roberts et al., 2001; Bond et al. mixtures studied by Svenningsson et al. (2006) with the hy-
2004). Between 45 and 75 % of this organic matter is water-groscopic tandem differential mobility analyzer (HTDMA).
soluble organic carbon (WSOC) and may therefore influenceMIXORG and MIXBIO contained a different fulvic acid,
the hygroscopic growth behavior of atmospheric aerosolsSuwannee River fulvic acid (SRFA), and were based on
(Decesari et al., 2005; Saxena and Hildemann, 1996; Madechemical analyses of different aerosol types. MIXORG rep-
et al.,, 2004). This influence has been the subject of ongofesents the organic portion of continental polluted aerosol,
ing research during the past decade, though our knowledgand MIXBIO represents biomass burning aerosols (Zappoli
is still limited (Kanakidou et al., 2005; Zhang et al., 2007; etal., 1999; Decesari et al., 2001; Artaxo et al., 2002; Mayol-
Hallquist et al., 2009). Bracero et al., 2002).

Challenges in studying the hygroscopic behavior of the or- Numerous laboratory studies on hygroscopic growth of
ganic fraction are its complexity and the lack of information mixed aerosol particles have been published in the last years.
about its chemical composition (Jimenez et al., 2009). FuzziMany have explored the effect of dicarboxylic acids on the
et al. (2001) proposed identifying a set of model compoundsdeliquescence and water uptake of inorganic salts using the
that can reproduce the behavior of the WSOC fraction of reaHTDMA (Cruz and Pandis, 2000;&ineri et al. 2002; Moore
aerosol particles with the help of chromatographic separatiorand Raymond, 2008; Prenni et al., 2003; Sjogren et al., 2007;
and proton nuclear magnetic resonance (HNMR) analysisWu et al., 2011), electrodynamic balance (EDB) (Lightstone
This analysis of WSOC from aerosol filter samples showset al., 2000; Choi and Chan, 2002a; Sjogren et al., 2007),
that it contains compounds in three categories: (i) neutraland bulk (Brooks et al., 2002; Wise et al., 2003; Marcolli
species, such as saccharides; (ii) mono/dicarboxylic acidset al., 2004) methods. Fewer studies have examined the hy-
and (iii) water-soluble surfactants, including humic-like or- groscopic behavior of mixtures containing humic substances
ganic polymers (Fuzzi et al., 2001; Mayol-Bracero et al., and inorganic salts, and all but one have done so with particle
2002; Decesari et al., 2005). Decesari et al. (2001) identi-methods such as the EDB (Chan and Chan, 2003; Sjogren et
fied up to 40 % of WSOC as polycarboxylic acids resem-al., 2007) and the HTDMA (Badger et al., 2006; Brooks et
bling the molecular structures of humic materials using theal., 2004; Svenningsson et al., 2006; Sjogren et al., 2007).
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The hygroscopic growth of NAFA has been studied in purehumic substances on the hygroscopic growth of inorganic

particles with a HTDMA (Gysel et al., 2004), and in a:380 salts and of a saccharide; (3) compare the hygroscopic behav-

mass ratio mixture with ammonium sulfate with an osmome-ior of two humic substances, of different molecular weight

ter (Frosch et al., 2011). However, ours appears to be the onlyanges, in the mixtures of atmospheric relevance; (4) explore

study to date to focus on NAFA in multicomponent mixtures the effect of temperature on the water activity of mixtures

and to study the water uptake of humic and fulvic acid mix- in the 0—-30°C range; and (5) assess the ability of the ZSR

tures with a bulk solution method. method to estimate the hygroscopic growth of the mixtures
Bulk water activity measurements present a method to corstudied.

roborate the hygroscopic growth data measured directly with

the HTDMA or EDB due to the simplicity of the equipment

setup and the measurement procedure. Our bulk metho

ehmmates_the problems of fully drying particles, the effects 2.1 Materials and solution preparation

of the equipment setup and of the measurement procedure.

While the dehydration branch of the hygroscopic growth o) tions were prepared by weighing each solid component

curve cannot be examined, bulk measurements can be coly,j \ater into a glass vessel, then stirring until the solution

lected at higher water activity values than HTDMA or EDB hecame as homogeneous as possible. It is worth noting that

measurements. Another advantage is that water activity cagyme suspended solid was visible on the solutions at higher

be directly measured and parameterized in terms of soluzoncentrations, indicating that not all of the solid went into

tion concentration. A recent review article on the role of or- o sojution. Figure 1 lists all chemicals used in the solutions
ganic aerosols in global climate modeling identified a critical along with their manufacturer, purity, and relevant proper-

need for parameterizations of water activity from available g “All chemicals were used without further purification.
data and future studies (Kanakidou et al., 2005). One siMyyater employed in the preparation of solutions was filtered
ple way tq_model the water l_thake of mixed particles is thethrough a Millipore Synergy 185 system (EMD Millipore,
Zdanovskii, Stokes, and Robinson (ZSR) method (Stokes angjjierica, MA), with a resulting resistivity of 18.2 &@. For
Robinson, 1966). The ZSR method predicts mixed particlepiyaq solutions containing NAFA, multiple dilutions pre-
hygroscopic growth by calculating the particle water content,,req from a concentrated stock solution were used due to the

as the sum of the water content associated with the pure coNjiyiteq quantities available of IHSS standards (IHSS, 2012,
ponents comprising that particle at a specific relative h”m'd'https://ihss.humicsubstances.()rg/

ity (RH). Itis based on the assumption that individual compo-
nents do not interact. Several studies on hygroscopic growtlp 2  Measuring water vapor pressure
of mixed particles have compared their results with the ZSR
method (Alshawa et al, 2009; Brooks et al., 2004; Choi andWater vapor pressure measurements were conducted with a
Chan, 2002a, b; Cruz and Pandis, 2000; Meyer et al., 200%ulk method described in detail by Zamora et al. (2011).
Moore et al., 2008; Prenni et al., 2003; Svenningsson et al.Briefly, the apparatus used consists of a removable glass sam-
2006; Sjogren et al., 2007; Wise et al., 2003; Wu et al.,ple vessel, mechanically pumped glass lines wrapped with
2011). We have chosen to test the strength of this widely usetheating tape, a temperature-controlled bath, and a 100 torr
method to predict the hygroscopic growth of our mixtures. Baratron capacitance manometer (Model 626A12TBE, MKS
In this work, we study the hygroscopic growth of aerosol Instruments, Andover, MA). Approximately 3 g of the solu-
particles containing two humic substances, each mixed withion of interest were transferred to the sample vessel, which
organic and inorganic components. Model compounds basedontained a Teflon-coated magnetic stirring bar to ensure a
on the approach proposed by Fuzzi et al. (2001) were chosehomogenous composition for the solution. After the sample
to represent the organic component. Two inorganic salts olessel was connected to the apparatus, several freeze—purge—
atmospheric relevance were chosen to represent the inorganihaw cycles were performed to evacuate the gas headspace
component. The mixtures studied, along with their chemicalabove the solution.
composition, are shown in Fig. 1. The hygroscopic growth of The sample vessel was then submerged in a constant tem-
the particles was calculated from bulk water vapor pressurgerature bath at the desired temperature. The temperature
measurements over solutions of equivalent composition. Thevas monitored by a thermocouple (Digi-sense RTD Plat-
equilibrium water vapor pressure was measured as a fundnum Thermometer, Eutech Instruments, Vernon Hills, IL)
tion of temperature and solution concentration with a waterattached to the outside of the vessel, with an accuracy of
activity apparatus. This study builds upon our previous work+0.03°C. The system was considered to be at equilibrium
quantifying the hygroscopic growth of single organic soluteswhen the temperature had been maintained withih1°C
(Zamora et al., 2011). of the target for at least 30 min. After recording the vapor
This work aims to (1) generate water activity parameteri- pressure reading from the barometer, the solution was frozen
zations for pure substances and mixtures & the form  and any remaining pressure reading was subtracted from the
of concentration vs. water activity; (2) quantify the effect of measurement to prevent its distortion by a potential air leak.

a Material and methods
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Air leaks were infrequent and never exceeded 0.2 torr. To3 Calculation

avoid directional bias, each data point reported in the water

activity vs. temperature curves was averaged over duplicat&€veral parameters were obtained for the mixed particles de-
measurements taken in both the increasing and decreasirfigribed in Fig. 1, calculated from measurements of bulk solu-

temperature directions. tions made with equivalent compositions. The water activity
(aw) was calculated from the ratio of the water vapor pressure
2.3 Quality assurance over the solution B,) to the saturation water vapor pressure

(Py,s) at the same temperature,
For each temperature, a water vapor pressure measurement
was calibrated by subtracting the difference between our, _ RH _ A1) )
value and that obtained from the Aerosol Inorganic Model 100% Py s(T)
(AIM) (Clegg et al., 1998) for pure water. Our method was
validated with sodium chloride and ammonium sulfate. Wa-
ter vapor pressure measurements over aqueous solutions
these inorganic salts at 250 matched the values predicted

by AIM. The deliquescence relative humidity (DRH) and hy-

Because the Kelvin effect was not considered in this study,
g}e calculations in this section apply to particle®.10 um
In diameter for the inorganic salts, levoglucosan and succinic
acid, and for particles- 0.20 um in diameter for the humic

. substances and their mixtures. Our measured surface tension
groscopic growth factor values calculated from these datd : . ;
data show a Kelvin correction smaller than the associated un-

were in good agreement with values from published TDMA, ; L :
. . : : certainty of water activity above these diameter values.
EDB and bulk studies. The uncertainty associated with the . L .
The mass fraction of solid in a solution was calculated as

water activity at 28C of pure solutes was reported to be be-
tween 0.007 and 0.018 in our previous work. This uncertaintymf, g = — &% @)
range was found over a relative humidity range of 70-99.9 %. 8solid - §water

Full details of_ our method calibratipn, validation and quality wheregsoiiq is the total mass of dissolved solid from all so-
control experiments can be found in Zamora et al., 2011. | 1o andguater is the mass of water in solution. The mass

This study employed a thermocouple with higher accu-g,tion of solid can also be expressed in percentage form,
racy; thus the measurement uncertainty for the mixtures iS$hass %y = (Mfsoiic) x 100. For each solution, the mass per-

lower than for the pure substances. This uncertainty Wageniage was plotted as a function of water activity and fitted
based on the accuracy of the thermocouple, and on th@vith a polynomial to obtain massik = f (aw).

precision obtained experime_ntally for the vapor pressure The hygroscopic growth factor of the mixed particles as a
measurements. The uncertainty range for the water VaPOfynction of water activity was directly computed using
pressure measurements collected in the 0€36ange was

found to be 0.3-1.4 %, with the highest uncertainty occur-
ring at the lowest temperature. At the temperature whereG fmix(aw) = {
most of the measurements were made?@5the uncer-

tainty range is reported to bR, +0.5% for the water va-  where mfojig, ary is the mass fraction of solid in the dry par-
por pressure measurements angl+0.005 (RHE0.5%) ticle (= 1), Mfsolig, wetiS the mass fraction of solid in the wet

1
Mfsolid, dryPmix, dry } 3

Mfsolid, wetOmix, wet

®)

for the water activity. particle & mass %ix/100), andomix, dry andpmix, wet are the
) ) ) dry and wet mixed particle densities, respectively. These den-
2.4 Comparison to particle measurement techniques sities were estimated assuming that the volumes are additive

. - when two or more compounds are mixed,
In the literature, water activity measurements have been re-

ported to have accuracies 6f0.003—0.5 (or+0.3-5% in 1 mf, @
terms of RH), though most recent studies are in4h6.3— Pmix — P ’

3% range (Zhang et al., 1993a, b; Peng et al., 2001a; Wise

et al., 2003; Marcolli et al., 2004). The uncertainty range where mf and p. are the mass fraction and density of each
for the relative humidity in our study was within this range component in solution including water fpix, wet.

(£0.5% at 25C). Reported measurement uncertainties as- For the pure solutes with known molar weight, an equation
sociated with the EDB typically range from1-5% (Cruz ~ equivalent to Eq. (3) but in terms of molality was used to
and Pandis, 2000; Peng et al., 2001a; Chan et al., 2005%alculate the hygroscopic growth factor:

while those associated with the HTDMA approximately vary

from 0.3 to 5% (Cruz and Pandis, 2000; Gysel et al., 2002;Gf(a )= { Pdry <1+ C )}3

Brooks et al., 2004; Dinar et al., 2007). Our bulk method v Mdrym et )
seems to have similar associated uncertainty to the particle-

based methods but has the ability to study higher relative huVNereodry andpwet refer to the dry and wet particle density;
midities. Mgy is the molar mass of the solute in g méj C is a con-

version factor and equals 19 solute kg water; andng,;

Pwet

®)
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Table 1. Water activity parameterization of data at°@5, presented as molalityn{,o,) versus water activityay). Every coefficient &;)
reported in the parameterization, along with all its decimals, should be used in calculations. Note that molar weight estimates for the humic
substances (Fig. 1) were used to calculate the molality of their mixtures.

Pure mQeraw) = bo + braw + boad, + bzad, + baal, R2 Valid
substance/ bo b1 by b3 by aw
mixtures range
NaCl —2.5022858838% 107  1.166431672& 103  —1.9323882956% 103  1.396456546% 103  —3.8027112012& 10° 1.00 0.7656-0.996
(NHg)2S0y 11403026794 10°  —4.6548585056% 10°  7.157019016& 10°  —4.8732185910% 103  1.230793238% 10°  0.99 0.8060-0.998
Levoglucosan 1545635659810  —6.8400682143& 10  1.135371139% 10°  —8.3667881458& 10*  2.307491688% 10*  0.99 0.8281-0.995
Succinic aci 1551134001010  —3.0976027384% 10*  1.5464701255 10* - - 0.99 0.9945-0.998
NAFA-NACL —1.8131187789& 107  7.444338187% 102  —9.3144849624& 107  3.683893124% 107 - 1.00 0.7495-0.996
NAFA-AMSL 7.9817721954 100 —1.2968071180% 10°  4.9884926715 10* - - 0.99 0.7996-0.996
NAFA-LEVO 1.160121719% 103 —3.51737029314& 103  3.642006399k 10>  —1.2855675251% 103 - 0.99 0.9344-0.992
NAFA-MIXORG  1.270518673% 10?  —1.2653048131% 107 - - - 0.87 0.9885-1.000
NAFA-MIXBIO 1.170421861% 103  —2.50453513528& 103  1.4881244434& 103  —1.5394737782% 107 - 0.98 0.9350-0.993
HA-NACL —2.2622783890& 107  8.3124341115 102  —9.6841887038% 107  3.636366028% 107 - 0.99 0.7718-0.996
HA-AMSL 6.554175912% 107  —2.12590700286: 103  2.333210401% 10°  —8.6278046784% 107 - 0.99 0.8269-1.000
HA-MIXORG 1.220515760% 103 —2.3404217737% 103 1.020639413% 103 9.955249563% 10t - 0.99 0.9621-0.998
HA-MIXBIO 4.208602185% 103  —1.3179653005% 10*  1.379700191k 10*  —4.8260474868% 103 - 0.97 0.9011-0.996

is the molality of the wet particle in mol kgt of water, which 4 Results and discussion
depends on its water activity().

Since our solutions are far from ideal due to large solute4.1 Pure substances
concentrations and electrolyte content, deviations from ide-
ality are needed to estimate water activity as a function ofPreviously, we obtained the hygroscopic growth factor as a
composition. The van't Hoff factori), used as a measure of function of RH for several pure substances in the 0*30
solution non-ideality (Pruppacher and Klett, 1980), is definedtemperature range. These solutes included those chosen for

through the present work: sodium chloride, ammonium sulfate, lev-
oglucosan, succinic acid, NA fulvic acid and Fluka humic
el 14 <”mi><). (6) acid (HA). TheG; values for the inorganic salts, levoglu-
w Ny cosan, and succinic acid were in excellent agreement with

) _ published TDMA, EDB, and bulk data. However, our data
wherenmix is the sum of the dissolved moles from all the ¢ NAFA and Fluka HA indicated no hygroscopic growth up
solutes in solution andy, is the moles of water in solution. ;) 4 RH of 99.9 %, disagreeing with previous findings from
Note that molar weight estimates, listed in Fig. 1, were “Sedparticle methods. The few published TDMA (Brooks et al.,
to calculate the number of moles for humic substances. 2004; Gysel et al., 2004) and EDB (Chan and Chan, 2003)

The ZSR method models mixed particle hygroscopic sy ,gies on these solutes reported 14-66 % particle growth.
growth by assuming the particle water content is the sum Ofpata analysis and a full discussion of these results can be
the water content associated with the pure components con nd in Zamora et al. (2011).
pri;ing that particlt_a at a specific relativg humidity. The fol- |4 this work, we used the relevant data on pure solutes
lowing ZSR equation (Stokes and Robison, 1966; Gysel efrqgm our previous study to provide a reference for com-
al., 2004, Wise et al., 2003) can be used to estimate mixture,arison to the mixtures. Additional data on pure substances
growth factors using measured growth factors for the puréere only collected for levoglucosan in order to extend its
components hygroscopic growth curve at 2& to a higher RH. Using
data at 25C, we obtained water activity parameterizations

3 for sodium chloride, ammonium sulfate, levoglucosan, and
Gt.mix(aw) = Zg" Gilaw) (- (") succinic acid by fitting the molality vs. water activity data
' sets with fourth-degree polynomials (Fig. 3a). The resulting
where; is the volume fraction of solutein the dry particle ~ R-squared values, 0.999, 0.998, 0.998, and 0.991, indicate
and Gt ; (ay) is the hygroscopic growth factor of the pure good fits of the data. Fit parameters and their associated R-
solutei as a function of. squared values are reported in Table 1. Based on the rela-
tion expressed in Eq. (6), we extracted the slope of the lin-
ear fit of the inverse water activity§;!) versus the ratio of
moles of dissolved solute to moles of wategf/nw) for
each solution. The resulting van't Hoff factoig énd asso-
ciated R-squared values are shown in Fig. 4. The calculated
i for sodium chloride and ammonium sulfate, 2.58 and 2.26,

Wik
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Table 2. Water activity parameterization of data at?5, presented as mass percent (Yopagdsersus water activitydy ). Every coefficient
(b;) reported in the parameterization, aong with all its decimals, should be used in calculations.

Mixtures %masmix(aw) = bo + braw + boad, + bzad, + baag, + bsad, R2 Valid

bo b1 bo b3 by/bs aw

range
NAFA-NACL —1.64080456316 10°  5.996291878% 103  —6.9613396021% 103  2.606276407% 10° - 1.00 0.7495-0.996
NAFA-AMSL —4.5285050580% 107 1.365187807& 103  —9.1195209641% 107 - - 0.99 0.7996-0.996
NAFA-LEVO 7.913123798% 10°  —2.7303251810% 10’  2.809812557& 107 4.905796847% 10°  —1.56286408445 107/ 0.99 0.9344-0.992
6.430063013% 10°

NAFA-MIXORG  2.131035283% 103>  —2.1258809103% 103 - - - 0.86 0.9885-1.000
NAFA-MIXBIO  —9.0344816810% 10*  2.889938697& 10°  —3.0709318620% 10°  1.084449937% 10° - 0.98 0.9350-0.993
HA-NACL —5.1007403148% 10  2.106969285% 103  —2.5559992452% 103  9.608427283% 107 - 0.99 0.7718-0.996
HA-AMSL —5.8405974572& 10?7  1.590033318% 103  —1.0036941159% 103 - - 0.97 0.8269-1.000
HA-MIXORG 3.5896368745 10  —8.9000419951% 10*  7.041012780& 10*  —1.7300676605& 10* - 0.99 0.9621-0.998
HA-MIXBIO 4.2387029278< 104 —1.3481002946% 10°  1.433322557& 10°  —5.09099899404 10* - 0.96 0.9011-0.996

respectively, are in good agreement with van't Hoff factors solutions of their individual components as reference. Equi-
reported in the literature of 1.93, 1.87-2.93, and 2 for NaCl,librium water activities were measured at“Z5over all sub-
and 2, 2.31, 2.31-2.33, and 2.47 for (NESOs (Low, 1969;  sequent dilutions of the mixtures. The water activity parame-
Gerberetal., 1977; Rogers and Yau, 1989; Wise et al., 2003)}terization, van't Hoff factors and hygroscopic growth factors
The van’t Hoff factor obtained for levoglucosan was 1.06, aswere calculated by inputting all the data collected at@5
expected from the theory and in agreement with that foundnto the equations detailed in Sect. 3. Molality versus wa-
by Svenningsson et al. (2006) of unity or just below. We haveter activity data and their corresponding polynomial fits are
not included the van't Hoff factor for succinic acid in Fig. 4 shown in Fig. 3a, b, and c for pure substances, NAFA mix-
since its limited solubility in water prevented the study of a tures, and HA mixtures. Table 1 lists coefficients, R-squared
wide range ofimix/nw values. values and valid ranges for water activity parameterization
Figure 5 shows the hygroscopic growth factor as a func-based on these fits. Table 2 includes mass-based water ac-
tion of water activity for these pure solutes. Each of these tivity parameterizations, which excludes any molar weight
curves was obtained by introducing the molality versus waterassumptions for the HSs. Figure 4 shows the resulting van't
activity expression into Eqg. (5). As mentioned in the quality Hoff factors when the slope was extracted from the linear fit
assurance section, the hygroscopic growth curves for sodiurof theay,* versusimix/nwdata for each solution. The hygro-
chloride and ammonium sulfate were in good agreement withscopic growth factor curves as a function of water activity,
values from published studies (Tang and Malkewitz, 1993;along with the corresponding ZSR predictions, are shown in
Cruz and Pandis, 2000). For levoglucosan, we matched hyFigs. 5-9.
groscopic growth factor values from published TDMA, EDB
and bulk values (Mochida and Kawamura, 2004; Chan et al.4.2.1 Humic substances with inorganic salts
2005; Svenningsson et al., 2006) updgp = 0.980, above
which we could not find available data in the literature. Note Four aqueous mixtures were studied to explore the effect of
that the hygroscopic growth curve for succinic acid starts atcategory 1l organic compounds (HULIS) on the hygroscopic
aw = 0.995, where full deliquescence was observed &25  growth of an inorganic component. Each mixture contained
A high deliqguescence value was expected due to its lim-one humic substance (NAFA or Fluka HA) and one inor-
ited solubility, and was in agreement with published valuesganic salt (sodium chloride or ammonium sulfate). The com-
(Peng et al., 2001b; Wise et al., 2003; Marcolli et al., 2004; positions of these solutions (NAFA-NACL, NAFA-AMSL,
Svenningsson et al., 2006), within uncertainty. HygroscopicHA-NACL, HA—AMSL) are shown in Fig. 1. Figure 2a and
growth curves are not shown for NAFA and HA since our b show the water activity measured over these solutions in
method did not detect water uptake updp=0.999, and their saturated state as a function of temperature for the 0-

thereforeGs = 1 below thisay value. 30°C range. They also show the curves for the pure sat-
urated humic substances and inorganic salts for reference.
4.2 Mixtures Note that the water activity curves for saturated solutions

of pure NAFA (25wt %) and HA (10 wt %) matched that of
All the data reported for the mixtures were obtained duringpure water, indicating no hygroscopic growth for both humic
this study. First, we measured the equilibrium water vaporsubstances. While the four mixed solutions in Fig. 2a and
pressure in the 0—3@ temperature range over the most con- b were visibly saturated with both the humic substance and
centrated solution we were able to prepare for each mixturethe inorganic salt, their water activity curves closely mim-
Figure 2a—d show water activity as a function of temperatureicked those of their corresponding saturated salt solutions.
from 0 to 30°C for the all mixtures studied, and for saturated This similarity to the pure salts, observed for all the tem-
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Fig. 2. Measured water activity as a function of temperature in the 0€3@nge for the most concentrated solutions mada)dfAFA and

its mixtures with inorganic saltgb) HA and its mixtures with inorganic salt&) NRFA in two mixtures with levoglucosan and in mixtures
MIXORG and MIXBIO, and(d) HA in mixtures MIXORG and MIXBIO. See Fig. 1 for mixture compositions. Open symbols show the
curves for pure substances at saturated concentrations measured with the same method by Zamora et al. (2011).

peratures studied, indicates that the water activity of mix-for NAFA—NACL, 7.8 % for NAFA—-AMSL, 8.9 % for HA—
tures saturated in both components was governed by the ifNACL and 8.6 % for HA-AMSL, within the range studied.
organic compound. For 2%, we looked at these water ac-  The water activity parameterizations for all four mixtures
tivity data to find the deliquescence point for each mixture.are shown on Fig. 3b and c, as molality versus water activ-
Adding NAFA or HA to ammonium sulfate (NAFA—AMSL, ity data sets fitted with polynomials of varying orders. The
HA-AMSL) did not change its deliquescenag value ap-  polynomial coefficients, R-squared values and valid ranges
preciably, changing from 0.806 to 0.800 and to 0.803, re-for each of the parameterizations are reported in Table 1. Fig-
spectively. For mixtures of NAFA and HA with sodium chlo- ure 4 shows van't Hoff factors of 2.19, 1.74, 2.74, and 2.17
ride, the change in deliquescengg value was larger (from  for NAFA—-NACL, NAFA-AMSL, HA-NACL, and HA-
0.766 to 0.750 and to 0.772) but still within the uncertainty AMSL, respectively. It is difficult to understand the disso-
range of the data for the pure salt from our previous studylution behavior of the mixtures from these values because
(aw £ 0.018). Similarly, Chan and Chan (2003) found that they are influenced by the molar weight assumptions made
the deliquescence of :1 NAFA/inorganic mixtures was in order to calculate the moles of the humic substances. In
dominated by the inorganic species. We found the maximunaddition, both NAFA and HA are mixtures of compounds
variation of the water activity with temperature to be 2.2 % with different molar weights, densities, and van't Hoff fac-
tors (Averett et al., 1989), and therefore their disassociation

www.atmos-chem-phys.net/13/8973/2013/ Atmos. Chem. Phys., 13, 88289 2013



8980

I. R. Zamora and M. Z. Jacobson: Measuring and modeling the hygroscopic growth

T T T T T T T T
,\10 L Q_\ —+--NaCl 6 ]
® . —0--(NH,),S0,
[ N =
ﬁ‘g sl Q\ -+~ Levoglucosan | 5 Solute/Mixture i R2
2 “\ —2A - Succinic acid Nacl > 58 0.986
- —— ) .
26F5 o N ] —8—(NH,) SO, 226 0989
2 R —&— Levoglucosan 1.05 0.289
o4 \‘--,\\__\ Q ] —V—NRFA-NACL 219  0.999
z N T s —E—NRFA-AMSL ~ 1.74  0.997
§ ol \0\\\ ] « NRFA-LEVO 090 0.908
S —I—NRFA-MIXORG 0.28  0.776
Na
0 . . . . NRFA-MIXBIO 118  0.762
075 08 085 09 095 1 HA-NACL 574 0981
Water activity (a )
(@) w —£— HA-AMSL 217 0975
E—— —O—HA-MIXORG  1.10  0.921
. N —&— HA-MIXBIO 143 0.966
O_.'\\ T 0.,,.l....l....l....1..,.1
§ ‘-.\ \ 0 0.1 0.2 0.3 0.4 0.5
o6l ~~.\‘\ i moles solid / moles water (nmix/nw)
k-4 .
2 O\
=2 LN . . ..
3 W\ ® Fig. 4. Water uptake data plotted as the inverse of the water activity
0 - . j 4 — . .
S 4 O\ «* (awl) versus the ratio of moles of total dissolved solute to moles of
g | TEoNARANACL RN water @mix/nw) for all solutions. A linear fit was applied to each
> —® -NAFA-AMSL Nt mix ) " )
5 2L —e-naraLevo BN 0‘. ] data set. The slope of the line yields the van't Hoff faci®y\{hich
' R is listed along wi e R-squared value for the fit. Each data set was
S Tl ArAmNORG N A listed al th the R d value for the fit. Each data set
—4 -NAFA-MIXBIO .§ plotted with ana\,_\,1 offset of 0.5 from the previous one for clarity.

076 0.8 084 088 092 096 1

(b) Water activity (aw) . .
SRFA, but noted that it was based on assumptions regard-
7 . . . . . ing average molar weight and density used to calculate the
molality of SRFA.
5°F . N 1 The effect of adding fulvic acid and humic acid on the
_g sE N % ] hygroscopic growth of the inorganic salts is easier to dis-
2 \.\\ cern. At 25°C, the water uptake curve obtained for each
% 4t AN A ] NAFA mixture was slightly smaller than that for the corre-
g sF \\\\ ] sponding pure salt for most of thg, range tested, but in-
[ S N k creased to match the salt at high values. As shown in
z 2E o a0 \-,_.\\ Fig. 7a, the hygroscopic growth curves for NAFA—NACL and
S f A MIXORG - A NAFA-AMSL followed or were slightly below the ZSR pre-
s -Ha in MIXBIO diction for each solution untit, values of 0.90 and 0.98,
0 - respectively. Above these values, the curves transitioned to

0.75 0.8 0.85

0.9 0.95 1

match the hygroscopic growth of NaCl abowg = 0.95
for NAFA—-NACL, and of (NHy)2S0Oy aboveay, = 0.98 for
Fig. 3. Water uptake data plotted as molality versus water activ- NAFA—AMSL. For NAFA-NACL, the ZSR curve underpre-
ity for the (a) pure substanceh) the NAFA mixtures, andc)the  dicted the growth by as much as 13% in the 0.90-0.995
HA mixtures chosen for this study. Water activity parameterizationsrange. This underestimate of the ZSR approach at hjgh
were obtained by fitting each data set with a polynomial (lines). Fitindicates possible interactions between NAFA and the in-
coefficients for all solutions are reported in Table 1. Note that theprganic salt that resulted in additional water uptake beyond
molality was calculated as the ratio of total dissolved moles for all {hat of each individual component. Since the ZSR curves are
sol_utes to _kilograms of water added to the solution, and that m_°|arbased on the data from our previous study, which found a
weight estimates were used to convert mass of NAFA and HA mton of 1 for NAFA below ay, = 0.999, another possibility is
moles. . .
that our apparatus underestimated the hygroscopic growth
of NAFA at high ay values. Two studies found modest hy-
groscopic growth for NAFA particles aty = 0.90: Gysel et
behavior, and van't Hoff factors, are unknown. Svenningssoral. (2004) found &+ of 1.14 with a HTDMA, and Chan and
et al. (2006) derived a van't Hoff factor smaller than 1 for Chan (2003) measured@ of 1.19 with an EDB. Chan and

(C) Water activity (aw)
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Fig. 5. Hygroscopic growth factor as a function of water activity for Fig. 6. Hygroscopic growth factor as a function of water activity
pure substances at 2&. Open symbols show the growth factors for the NAFA-LEVO mixture at 25C. Solid symbols show growth
calculated from data measured by Zamora et al. (2011). Solid linedactors calculated from bulk solution measurements using Eq. (3).
represent fits to the data based on the water activity parameterizaFhe solid line represents the fit to the data based on the water activ-
tions presented in Table 1, while vertical dashed lines denote théty parameterizations presented in Table 1. The dashed line denotes
deliquescenceyy value. The deliquescence measured for NAFA or the hygroscopic growth factor as predicted by the ZSR method. The
Fluka HA was abovey, = 0.999; therefore &= 1 for these humic  curve for pure levoglucosan (dotted line) is given for reference.
substances (HS) below this value.

Chan (2003) also measured the water uptake of mixed parti- The hygroscopic growth curves of HA-NACL and HA-

cles of NAFA/sodium chloride and NAFA/ammonium sul- AMS.L at 25°C are pres_ented in Fig. 7b. The water uptake
. . . . . obtained for each HA mixture was smaller than that for the
fate in a 1: 1 mass ratio. Within experimental uncertainty,

the hygroscopic growth curve for our: B8 NAFA-NACL correspon-dmg pure salt.m proportion to the mass_addgd of
) ‘ ] : . the organic species. This suggests that humic acid did not
mixture agreed with the 1:1 mixture studied by Chan and : . .
contribute any hygroscopic growth, as expected from its pre-
Chan up taay = 0.85. By ay, = 0.90, the growth factor for ) A
) : - vious data as an individual solute. Thus, the curves agreed
our 1: 3 mixture increased to be 17 % higher than thell : . : I
. : . well with their respective ZSR predictions throughout the
mixture, probably due to a higher proportion of the more o ;
. . : measured range. Within uncertainty, our data for HA-AMSL
hygroscopic solute, sodium chloride. The growth factors re- . .
X matched that obtained by Brooks et al. (2004) with the HT-
ported by Chan and Chan for the 1 NAFA—-AMSL mixture )
. Ami DMAforthe 1: 9 and 1. 1 Fluka HA/ammonium sulfate par-
were 11 % higher than those we found for ourdlmixture at ticles in thea,, range of 0.80 to 0.92, where the data overla
aw = 0.813, matching the growth factor for pure ammonium w fang ' o P

sulfate. Above this value, the difference between the hygro- . L
scopic growth curves for both mixtures decreased until they4'2'2 Fulvic acid with levoglucosan

intercepted ati,, = 0.909. In general, the water uptake data . .

for both NAFA/inorganic salt mixtures obtained by Chan The mixture NAFA-LEVO was prepared with NAFA and

and Chan increased much more slowly than that for our mix_levoglucosag ina f r?;f\lsArlitol\o/ I(F'g' Il). An additional mix-
tures, reporting up to 17 % lower water uptake for NAFA— ture was made with a evoglucosan mass ratio to

NACL but up to 11 % higher water uptake for NAFA—AMSL determine further the influence of fulvic acid on the hygro-
Frosch et al. (2011) also measured the water uptake ofla 1 scopic growth of a category | compound. Figure 2c shows the

NAFA—-AMSL mixture, but using an osmometer. However water activity curves for both mixtures, along with that for a
they reported data for,the 6-12 range ata valués above " saturated solution of pure levoglucosan as reference. The wa-
w

0.9985, which is outside of our maximum measured value oiler activity measurements for the 2 NAFA/levoglucosan
0.9963 mixture were 0.5-1.5 % lower than the measurements for

pure water, a difference within or barely above our exper-
imental error, while those obtained for. 8 NAFA-LEVO
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Fig. 8. Hygroscopic growth factor as a function of water activity for
NAFA and HA in MIXORG at 25°C. Solid symbols show growth
factors calculated from bulk solution measurements using Eq. (3).
Solid lines represent the fit to the data based on the water activ-
ity parameterizations presented in Table 1. Red solid circles show
HTDMA data at 21-24C for Suwannee River fulvic acid (SRFA)

in MIXORG from published work by Svenningsson et al. (2004).
The dashed line denotes the prediction by the ZSR approach for
MIXORG containing NAFA, HA or SRFA, based on no hygro-
scopic growth observed for these HS belayof 0.999 in Zamora
etal. (2011).

be prepared. The large quantity of NAFA required to prepare
these saturated solutions, given the high aqueous solubility of
levoglucosan, was not available due to IHSS sample purchase
limits. The water activity varied only slightly with tempera-
ture in the 0—30C temperature range, with maximum vari-

lution measurements using Eq. (3). Solid lines represent the fit tcations of 1.0% for 21 NAFA-LEVO and 1.3% for 13

the data based on the water activity parameterizations presented
Table 1, while dashed lines denote the hygroscopic growth factor a

INAFA-LEVO. Further measurements of the diluted solu-
$ions at 25 C were only conducted on:13 NAFA-LEVO.

predicted by the ZSR method. The curves for pure sodium chloride The solution molality versus water activity data for
(dotted line) and ammonium sulfate (dotted-dashed line), includingNAFA_LEVO was plotted and fitted with a 5th-degree poly-

their deliquescence points (vertical lines), are given for reference
Published data for similar mixtures was includé):EDB measure-
ments by Chan and Chan (2003) at 22.5-2&8and(b) HTDMA
data by Brooks et al. (2004) at 3C.

were 5.0-6.7 % lower. Both mixtures behaved very simi-

nomial to obtain its water activity parameterization. The cor-
responding polynomial coefficients, R-squared values and
valid ranges are listed in Table 1. Figure 4 shows a van't
Hoff factor of 0.90 for NAFA—-LEVO, suggesting that this

mixture behaves close to an ideal solution. The addition of
fulvic acid slightly lowered the van’t Hoff factor of NAFA—

LEVO, as compared to that of levoglucosan. A similar effect

larly to pure solutions with equivalent mass percentage ofwas observed on the mixtures of NAFA with the inorganic
levoglucosan, indicating that the saccharide had the largesalts.
influence by far on the water vapor pressure over the solu- Figure 6 shows our experimental data and the ZSR model

tion. Unfortunately, the DRHs of these mixtures were not

prediction for the hygroscopic growth factor as a function

measured since solutions saturated in both solutes could natf water activity for NAFA—LEVO. It also shows the water

Atmos. Chem. Phys., 13, 89738989 2013
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'm—— show the curves for the saturated solutions of pure levoglu-
cosan, succinic acid, and ammonium sulfate as reference.
The MIXORG mixtures had a minimal effect on the water
activity, as expected from 80% of their mass being com-
prised of two substances that had little or no effect on the
water vapor pressure over their pure saturated solutions. Al-
though these solutions were saturated with respect to fulvic
and humic acid, respectively, saturated solutions with respect
to all solutes could not be prepared due to the large quan-
tities of solutes required by the high solubility of levoglu-
cosan. Hence, the deliquescence relative humidity for these
. mixtures could not be determined. Within the temperature
range studied, the maximum water activity variation with
temperature was 5.4 % for NAFA-MIXORG and 2.2 % for
HA-MIXORG.

Table 1 lists the polynomial coefficients, R-squared val-
R T T TR ues and valid ranges for the water activity parameterization
0.84 0.88 0.92 0.96 1 fits for the MIXORG mixtures. The van't Hoff factors ob-
tained for NAFA-MIXORG and HA-MIXORG were 0.28
and 1.10, respectively (Fig. 4). Assuming our molar weight
Fig. 9. Hygroscopic growth factor as a function of water activity for _est!mates for the humic substances are accurate, these yalues
NAFA and HA in MIXBIO at 25°C. Solid symbols show growth indicate that HA-MIXORG behaved almost ideally, while
factors calculated from bulk solution measurements using Eq. (3)NAFA-MIXORG appeared to deviate substantially from ide-
Solid lines represent the fit to the data based on the water activality. It is worth noting that due to solubility issues with suc-
ity parameterizations presented in Table 1. Red solid circles showcinic acid, the factor for NAFA-MIXORG incorporates con-
HTDMA data at 21-24C for Suwannee River fulvic acid (SRFA) siderably less data points than all other solutions presented
in MIXBIO from published work by Svenningsson et al. (2004). and therefore is a not reliable indication of ideality or disso-
The dashed line denotes the prediction by the ZSR approach fogjation levels.

MIXORG containing NAFA, HA or SRFA, based on no hygro-  gjgre 8 shows the hygroscopic growth factor obtained for

scopic growth observed for these HS belayof 0.999 in Zamora NAFA—MIXORG and HA-MIXORG. as a function of wa-

etal. (2011). ter activity. The curve generated with the ZSR model is also
shown. Only one ZSR curve was included because both so-

uptake curve for pure levoglucosan for comparison. The hy_lutions have individual components with identical water up-
groscopic growth curve of NAFA—LEVO matched the ZSR take. Both NAFA_and HA prgsented no hygroscopic growth
prediction up toay = 0.98, which predicted values up to @S Pure solutes in our previous study, and thiys=1 for
10% lower than pure levoglucosan. At 0.986, the NAFA— all water activity values und.er 0.999. The curve for HA-
LEVO curve intersected that of pure levoglucosan, whichMIXORG presented much higher hygroscopic growth than
joins with the ZSR curve above, = 0.9933. The water up- the ZSR approach predicted but increased at a lower rate,
take curve of NAFA—LEVO shifted left by 0.002—-0.004 wa- which led to the intersection of the curvesigt= 0.99. This

ter activity values above the point where it met the curveUnderprediction of the ZSR method undgr= 0.99 may in-

for pure levoglucosan, which is within our experiment un- dicate that solute interactions are contributing additional hy-
certainty range ofwy % 0.005. In sum, the NAFA—LEVO groscopic growth to that expected from its individual com-
mixture presented growth factors up to 10% lower thanPONents. The water uptake curve for HA-MIXORG was ob-
pure levoglucosan below, = 0.98, as predicted by the ZSR tained for a maximum solution concentration equivalent to a
method. Above 0.98, it agreed well with pure IevoglucosangrOWth factor of 1.5, due to the solubility constraints on solu-

B NAFA-MIXBIO experimental
e fit

6 |

— — -MIXBIO ZSR (Gf = 1 for HS)
5k

¢ HA-MIXBIO experimental
4} — fit

® SRFA-MIXBIO HTDMA *
*[Svenningsson et al., 2006]

3}k

Hygroscopic growth factor (Gf )

e ———

Water activity (aw)

and the ZSR approach within experimental error. tion preparation mentioned above. The curve appears almost
linear above thisGs value, consistent with the steeper sec-
4.2.3 MIXORG tion of the typical hygroscopic growth curve at higlherval-

ues. The NAFA-MIXORG mixture presented a growth factor
MIXORG is a mixture of three organic compounds: levoglu- 42 % smaller than HA-MIXORG, and 21 % smaller than the
cosan, succinic acid and one humic substance, in proportion&SR prediction at, = 0.99.
representative of the organic portion of continental polluted Figure 8 also shows the data collected by Svenningsson et
aerosols (Fig. 1). Figure 2c and d show the water activityal. (2006) with the HTDMA for the SRFA-MIXORG mix-
versus temperature, in the 0-30 range, for the most con- ture. The ZSR method shown in their study, which accounted
centrated solutions of MIXORG made. These figures alsofor the 5-13 % hygroscopic growth they observed for SRFA
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particles between 0.85 and 0.93, agreed well with these curve of HA-MIXBIO was 11-13% higher than the ZSR
data. Our ZSR curve for both MIXORG mixtures also applies prediction, although it followed its general trend and fol-
for SRFA-MIXORG since we obtained no growth for satu- lowed its curve above,, = 0.99. NAFA-MIXBIO presented
rated solutions of SRFA in our previous study (Zamora eta much higher hygroscopic growth, exceeding the ZSR pre-
al., 2011). It predicts the data from the Svenningsson studyiction by 13% and 48 % at, = 0.95 and 0.98, respec-
reasonably well with a maximum underestimation of 8.0 %. tively. Such a deviation from the ZSR method indicates
One of the reasons for using two of the same mixtures used interactions of NAFA with the other solution components
Svenningsson et al. (2006) was to be able to compare the wahat resulted in significant additional hygroscopic growth
ter uptake of different humic substances in mixtures of identi-to that expected from the individual components. However,
cal composition. Unfortunately, the hygroscopic growth datathe data from the 13 NAFA/ammonium sulfate and :13

for the fulvic acid mixtures were not obtained in the same NAFA/levoglucosan systems did not suggest interactions
water activity range due to the limitations of HTDMA at among those solute pairs large enough to justify the growth
higher RHs, and of our method to achieve higher concentraobserved in NAFA-MIXBIO. Since the NAFA-MIXORG
tions in bulk solutions. However, the data for HA-MIXORG mixture presented minimal water uptake, it seems likely that
and SRFA-MIXORG overlapped for a small range of water the additional water uptake above the ZSR calculation for
activity, where HA-MIXORG had a 21.4 and 26.3 % higher NAFA-MIXBIO was caused by a multicomponent interac-

growth factor at, of 0.960 and 0.975, respectively. tion between NAFA, ammonium sulfate and one or both of
the remaining components: levoglucosan and succinic acid.
4.2.4 MIXBIO We have also included in Fig. 9 data collected by Sven-

ningsson et al. (2006) with the HTDMA for the SRFA-
The MIXBIO mixture is composed of ammonium sulfate, MIXBIO mixture for comparison. These data were bounded
levoglucosan, succinic acid, and a humic substance in proen top by the ZSR curve shown in their study, which ac-
portions representative of biomass burning aerosols (Fig. 1)counted for the small growth they observed for pure SRFA
Figure 2c and d show the water activity versus tempera-articles and for the limited solubility of succinic acid. Our
ture, for the most concentrated solutions of MIXBIO made, ZSR curve for MIXBIO, which is also applicable for SRFA
in the 0—-30°C range. As expected, the MIXBIO solutions since we obtained no growth for its saturated solutions in
had lower water activity curves than the MIXORG solu- our previous study, provides a lower bound for the data. Al-
tions containing the same humic substance due to the hythough Svenningsson et al. (2006) mentioned that the small
groscopic effect of ammonium sulfate. However, due to theoverestimation resulted from taking into account the solu-
quantity of mass of NAFA and HA required to make the bility of succinic acid, there may be alternative explanations.
bulk solutions, saturated solutions with respect to all so-The over- and underestimation with our respective ZSR mod-
lutes in MIXBIO could not be prepared. Therefore, the max- els might indicate that the individual water uptake of SRFA
imum effect on the vapor pressure and the deliquescence rein the MIXBIO mixture is slightly lower than expected from
ative humidity for these mixtures could not be determined.the HTDMA measurements but higher than expected from
The greatest water activity variation with temperature, within the bulk measurements of the pure solute. Another possibility
the 0-30C range, was 2.0 and 1.5% for NAFA—MIXBIO is that interactions between SRFA and the other components
and HA—-MIXBIO, respectively. are producing these small deviations from ZSR.

The polynomial coefficients, R-squared values and valid Since all three MIXBIO mixtures have identical composi-
ranges for the water activity parameterization fits for bothtion except for the identity of humic substance, we can com-
MIXBIO mixtures are reported on Table 1. Figure 4 shows apare their hygroscopic behavior directly. HA-MIXBIO and
van't Hoff factor of 1.18 for NAFA-MIXBIO, and of 1.43for SRFA-MIXBIO shared the same hygroscopic growth fac-
HA-MIXBIO. As stated above, the molar weight estimates tor ata,, = 0.90, but HA-MIXBIO presented slightly higher
for the humic substances will affect the van't Hoff factor cal- growth above that value. The water uptake data for the ful-
culation. Still, if we assume the estimates used are correctyic acid mixtures overlapped briefly from 0.935 to 0.945
MIXBIO containing NAFA behaves more like an ideal so- but NAFA-MIXBIO showed a sharp increase in water uptake
lution than does HA, since the former’s van't Hoff factor is above this value, reaching a growth factor 22 % higher than
closer to one. The opposite was found for the MIXORG mix- the lastGt reported for SRFA-MIXBIO at;,y = 0.966.
tures.

Figure 9 shows the hygroscopic growth factor obtained
for NAFA-MIXBIO and HA-MIXBIO as a function of wa- 5 Conclusions
ter activity. The ZSR model curve, also shown in Fig. 9,
is applicable to NAFA—-MIXBIO and HA-MIXBIO since This study presented new water activity parameterizations
their only difference is the addition of NAFA versus HA, that can be used to describe the water uptake of mixed
both of which presented no hygroscopic growth as pure soaerosol particles, in a format easy to incorporate into at-
lutes Gs =1 for all ay values). The hygroscopic growth mospheric models. These parameterizations were generated
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from bulk water vapor pressure measurements of nine mixa van't Hoff factor near 1. No such pattern was evident for
tures of atmospheric relevance. These mixtures consistetlA mixtures.
of two inorganic salts and four model compounds repre- We explored the effect of temperature in the 02@0ange
senting different categories of water-soluble organic carboron water activity for our nine mixtures. In our previous study,
(WSOC). The WSOC categories of neutral species and diwe found that the temperature had a small influence on water
carboxylic acids were represented by levoglucosan and suactivity measurements in the same range, with a maximum
cinic acid, respectively. HULIS was represented by two hu-variation of 11 % for the substances included in this work
mic substances (HSs): Nordic aquatic fulvic acid and Fluka(Zamora et al., 2011). In the present work, the largest water
humic acid. We calculated the hygroscopic growth factor as aactivity variation with temperature observed in the 0230
function of water activity at 25C for each mixture, and com- range for the mixtures studied was 9 %. Further analysis on
pared it to the ZSR model prediction, and to the few relevantthe data for room temperature (20-<30), the range at which
published studies available. most water uptake measurements are collected, yielded a
We investigated the effect of HULIS on the water up- maximum variation of only 2 %. This variation is within the
take of three different hygroscopic solutes (sodium chlo-uncertainty range for the water activity (or RH) of several
ride, ammonium sulfate, and levoglucosan), using five two-published studies. Thus, measurements obtained within the
component solutions. Within the 0-30 range, the water room temperature range of 20-30 may be compared di-
vapor pressures over each of these mixtures were governaectly with more confidence.
by the hygroscopic compound. Below 95% RH, the addi- Finally, we assessed the ability of the ZSR model to pre-
tion of NA fulvic acid or humic acid to each of these highly dict the hygroscopic growth of the nine mixtures studied.
water-soluble solutes lowered their hygroscopic growth, inThe ZSR worked reasonably well for six of the nine mix-
proportion to the added mass of HS. Yet, only the hygro-tures: three NAFA mixtures (NAFA-LEVO, NAFA-AMSL,
scopic growth of the mixtures containing fulvic acid transi- NAFA—MIXORG) and three HA mixtures (HA-NACL, HA—
tioned to match the growth of the pure salt or saccharide abMSL, HA-MIXBIO). In general, the ZSR method pre-
higher RHs values. dicted the hygroscopic behavior of all the mixtures studied in
We also examined the hygroscopic behavior of these twahis work within 12 % at or under, = 0.95 but considerably
HSs in mixtures based on recent aerosol characterization exunderestimated the growth of two multicomponent mixtures
periments of biomass burning (MIXBIO) and of the organic at very higha,, values.
portion of the polluted continental (MIXORG) aerosols. We  Overall, we have shown that the effect of humic substances
compared our results with the hygroscopic growth of Suwan-on the hygroscopic behavior of atmospheric aerosols can
nee River fulvic acid in the same mixtures, measured byvary widely depending on the identity and origin of the hu-
Svenningsson et al. (2004) with the HTDMA. MIXORG mic substance. We confirmed evidence from previous studies
exhibited higher hygroscopic growth when containing hu- thatthe ZSR method works well for two-component mixtures
mic acid than when containing Suwannee River or Nordiccontaining an organic and an inorganic solute and extended
aquatic fulvic acids. Conversely, MIXBIO showed a much this assertion tar, values above 0.95, where it has rarely
higher water uptake with solute Nordic aquatic fulvic acid been tested. We have also demonstrated that the ZSR ap-
as compared to solutes humic acid or Suwannee River fulproach works reasonably well for the multicomponent mix-
vic acid. Each of these three humic substances affected theires studied under, = 0.95, but can produce large devia-
hygroscopic growth of mixtures differently, despite two be- tions at higher values. Based on our findings, we recommend
ing fulvic acids frequently used as model compounds forthat similar studies be performed with an analog more rep-
HULIS. Above 95 % RH, the relative water uptake of iden- resentative of HULIS in place of humic substances. One op-
tical mixtures containing different HSs varied significantly tion could be to use chamber-generated secondary organic
among the mixtures studied and could not be predicted byaerosols (SOA), in order to better represent the influence
the hygroscopic growth of the pure HS, suggesting inter-of HULIS in the hygroscopic growth of atmospheric par-
actions among components. This is consistent with find-ticles. However, we recognize this approach may not yet
ings from Brooks et al. (2004) and Chan and Chan (2003)be suitable for bulk studies. It is likely that the quantity of
which found differences in the hygroscopic behavior of iden- SOA residue required to prepare the bulk solutions needed
tical mixtures containing two different humic acids and two would exceed the amount that could be generated in a smog
fulvic acids, respectively. chamber. Although it may be possible to design a process
We obtained van't Hoff factors for all the mixtures stud- to collect enough SOA from multiple chamber runs, repro-
ied, and for the pure substances for which there was suffiducibility would be a concern. Another option would be to
cient data range. As expected from their low disassociationfind a substitute chemical for HULIS. A bulk HULIS analog
all mixtures comprised entirely of organic solutes had a van'tshould ideally have uniform properties from batch to batch,
Hoff factor near 1 except for NAFA-MIXORG. The addi- a known molecular weight, and similar surface activity and
tion of NAFA to mixtures resulted in lower van't Hoff factors aromatic moiety content to HULIS. While the search for a
than their pure components, assuming that succinic acid habetter HULIS representative is ongoing, additional studies

www.atmos-chem-phys.net/13/8973/2013/ Atmos. Chem. Phys., 13, 88289 2013



8986 I. R. Zamora and M. Z. Jacobson: Measuring and modeling the hygroscopic growth

with humic substances can still provide insight into the be- Environ., 38, 1859-1868, ddi0.1016/j.atmosenv.2004.01.009
havior or multicomponent mixtures in atmospheric aerosols. 2004.
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