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Abstract

The hygroscopic growth of atmospheric particles affects atmospheric chemistry and
Earth’s climate. Water-soluble organic carbon (WSOC) constitutes a significant frac-
tion of the dry submicron mass of atmospheric aerosols, thus affecting their water up-
take properties. Although the WSOC fraction is comprised of many compounds, a set5

of model substances can be used to describe its behavior. For this study, mixtures of
Nordic Aquatic fulvic acid reference (NAFA) and Fluka humic acid (HA), with various
combinations of inorganic salts (sodium chloride and ammonium sulfate) and other
representative organic compounds (levoglucosan and succinic acid), were studied. We
measured the equilibrium water vapor pressure over bulk solutions of these mixtures10

as a function of temperature and solute concentration. New water activity (aw) param-
eterizations and hygroscopic growth curves at 25 ◦C were calculated from these data
for particles of equivalent composition. We examined the effect of temperature on the
water activity and found a maximum variation of 9 % in the 0–30 ◦C range, and 2 % in
the 20–30 ◦C range. Five two-component mixtures were studied to understand the ef-15

fect of adding a humic substance (HS), such as NAFA and HA, to an inorganic salt or a
saccharide. The deliquescence point at 25 ◦C for HS-inorganic mixtures did not change
significantly from that of the pure inorganic species. However, the hygroscopic growth
of HA-inorganic mixtures was lower than that exhibited by the pure salt, in proportion
to the added mass of HA. The addition of NAFA to a highly soluble solute (ammonium20

sulfate, sodium chloride or levoglucosan) in water had the same effect as the addition
of HA to the inorganic species for most of the aw range studied. Yet, the water uptake
of these NAFA mixtures transitioned to match the growth of the pure salt or saccharide
at high aw values. The remaining four mixtures were based on chemical composition
data for different aerosol types. As expected, the two solutions representing organic25

aerosols (40 % HS/40 % succinic acid/20 % levoglucosan) showed lower water uptake
than the two solutions representing biomass burning aerosols (25 % HS/27 % succinic
acid/18 % levoglucosan/30 % ammonium sulfate). However, interactions in multicompo-
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nent solutions may be responsible for the differences that arise in relative hygroscopic
growth above RH of 95 % when comparing three different HS in these two mixtures.
The ZSR model was able to predict reasonably well the hygroscopic growth of all the
mixtures below aw = 0.95, but produced large deviations for some multicomponent mix-
tures at higher values.5

1 Introduction

The hygroscopic growth of atmospheric aerosols impacts public health, atmospheric
chemistry, and Earth’s climate. The uptake of water by aerosol particles influences their
health effects, as reported in epidemiological studies (e.g. Poschl, 2005 and references
therein). It also alters aerosol chemical reactivity, aging and its effects on visibility and10

atmospheric composition (Sloane and Wolff, 1985; Pandis et al., 1995). Moreover, the
interaction between water vapor and aerosol particles is central to the climate effects of
atmospheric aerosols; both their direct effect by radiation scattering, and their indirect
effects by modifying cloud properties. These climate effects account for the largest
cause of uncertainty in radiative forcing estimates (IPCC, 2007).15

Atmospheric particles consist of a mixture of organic and inorganic components.
The inorganic portion, previously thought to dominate the water uptake of atmospheric
aerosols, has been well characterized. Organic matter can be 20–50 % of the total
fine aerosol mass (Saxena and Hildemann, 1996; Putaud et al., 2004), and as high
as 90 % over biomass burning regions during burning season (Andreae and Crutzen,20

1997; Talbot et al., 1988, 1990; Artaxo et al., 1988, 1990; Roberts et al., 2001; Bond
et al., 2004). 45–75 % of this organic matter is water-soluble organic carbon (WSOC)
and may therefore influence the hygroscopic growth behavior of atmospheric aerosols
(Decesari et al., 2005; Saxena and Hildemann, 1996; Mader et al., 2004). This influ-
ence has been the subject of ongoing research during the past decade, though our25

knowledge is still limited (Kanakidou et al., 2005; Zhang et al., 2007; Hallquist et al.,
2009).
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Challenges in studying the hygroscopic behavior of the organic fraction are its com-
plexity and the lack of information about its chemical composition (Jimenez et al.,
2009). Fuzzi et al. (2001) proposed identifying a set of model compounds that can
reproduce the behavior of the WSOC fraction of real aerosol particles with the help
of chromatographic separation and Proton Nuclear Magnetic Resonance (HNMR)5

analysis. This analysis of WSOC from aerosol filter samples shows that it con-
tains compounds in three categories: (I) neutral species, such as saccharides; (II)
mono/dicarboxylic acids; and (III) water-soluble surfactants, including humic-like or-
ganic polymers (Fuzzi et al., 2001; Mayol-Bracero et al., 2002; Decesari et al., 2005).
Decesari et al. (2001) identified up to 40 % of WSOC as polycarboxylic acids resem-10

bling the molecular structures of humic materials using the same HNMR technique.
The similarity of the polycarboxylic acid fraction to humic materials, observed in several
studies (Mukai and Ambe, 1986; Havers et al., 1998; Facchini et al., 1999; Gelencsér
et al., 2000; Krivácsy et al., 2000; Duarte et al., 2005; Alfarra et al., 2006), has earned
this fraction the name HUmic-LIke Substances (HULIS).15

Following this approach, we have chosen model compounds to represent each
WSOC category in order to study the water uptake of mixed atmospheric particles. Lev-
oglucosan, a saccharide that is used as a tracer for biomass burning (Simoneit et al.,
1999), was selected to represent category I. Succinic acid, often identified as one of
the most abundant dicarboxylic acids in atmospheric aerosol samples (Rogge et al.,20

1993; Chebbi and Carlier, 1996; Kerminen et al., 2000; Kawamura et al., 2001a and b;
Narukawa et al., 2002, Jung et al., 2010; Hegde and Kawamura, 2012), was chosen
to represent category II. The humic substances Nordic Aquatic Fulvic Acid Reference
(NAFA) and Fluka Humic Acid (HA), obtained from the International Humic Substance
Society (IHSS), were chosen as model compounds for category III. To represent the25

inorganic component that can contribute to water uptake, we use sodium chloride and
ammonium sulfate, two inorganic salts ubiquitous in the atmosphere. Figure 1 lists
these substances, along with their properties, and the nine different mixtures prepared
for this work. Two-component mixtures were made in order to study the mixed particles
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of humic substances with inorganic salts (NAFA-NACL, NAFA-AMSL, HA-NACL, and
HA-AMSL), and with a category I compound (NAFA-LEVO). The composition of the
remaining mixtures (NAFA-MIXORG, HA-MIXORG, NAFA-MIXBIO, and HA-MIXBIO)
was adopted from two mixtures studied by Svenningsson et al. (2006) with the HT-
DMA. MIXORG and MIXBIO contained a different fulvic acid, Suwannee River fulvic5

acid (SRFA), and were based on chemical analyses of different aerosol types. MIXORG
represents the organic portion of continental polluted aerosol, and MIXBIO represents
biomass burning aerosols (Zappoli et al., 1999; Decesari et al., 2001; Artaxo et al.,
2002; Mayol-Bracero et al., 2002).

Numerous laboratory studies on hygroscopic growth of mixed aerosol particles have10

been published in the last years. Many have explored the effect of dicarboxylic acids
on the deliquescence and water uptake of inorganic salts using the HTDMA (Cruz and
Pandis, 2000; Hämeri et al. 2002; Moore and Raymond, 2008; Prenni et al., 2003; Sjo-
gren et al., 2007; Wu et al., 2011), EDB (Lightstone et al., 2000; Choi and Chan, 2002a;
Sjogren et al., 2007), and bulk (Brooks et al., 2002; Wise et al., 2003; Marcolli et al.,15

2004) methods. Fewer studies have examined the hygroscopic behavior of mixtures
containing humic substances and inorganic salts, and all but one have done so with
particle methods such as the EDB (Chan and Chan, 2003; Sjogren et al., 2007) and
the HTDMA (Badger et al., 2006; Brooks et al., 2004; Svenningsson et al., 2006; Sjo-
gren et al., 2007). The hygroscopic growth of NAFA has been studied in pure particles20

with a HTDMA (Gysel et al., 2004), and in a 50 : 50 mass ratio mixture with ammonium
sulfate with an osmometer (Frosch et al., 2011). However, ours appears to be the only
study to date to focus on NAFA in multi-component mixtures and to study the water
uptake of humic and fulvic acid mixtures with a bulk solution method.

Bulk water activity measurements present a method to corroborate the hygroscopic25

growth data measured directly with the HTDMA or EDB due to the simplicity of the
equipment setup and the measurement procedure. Our bulk method eliminates the
problems of fully drying particles, the effects of low residence times, and the uncertain-
ties in particle solution concentrations that arise in direct particle measurement. While
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the dehydration branch of the hygroscopic growth curve cannot be examined, bulk
measurements can be collected at higher water activity values than HTDMA or EDB
measurements. Another advantage is that water activity can be directly measured and
parameterized in terms of solution concentration. A recent review article on the role of
organic aerosols in global climate modeling identified a critical need for parameteriza-5

tions of water activity from available data and future studies (Kanakidou et al., 2005).
One simple way to model the water uptake of mixed particles is the Zdanovskii, Stokes,
and Robinson (ZSR) method (Stokes and Robinson, 1966). The ZSR method predicts
mixed particle hygroscopic growth by calculating the particle water content as the sum
of the water content associated with the pure components comprising that particle at10

a specific relative humidity. It is based on the assumption that individual components do
not interact. Several studies on hygroscopic growth of mixed particles have compared
their results with the ZSR method (Alshawa et al, 2009; Brooks et al., 2004; Choi and
Chan, 2002a and b; Cruz and Pandis, 2000; Meyer et al., 2009; Moore et al., 2008;
Prenni et al., 2003; Svenningsson et al., 2006; Sjogren et al., 2007; Wise et al., 2003;15

Wu et al., 2011). We have chosen to test the strength of this widely used method to
predict the hygroscopic growth of our mixtures.

In this work, we study the hygroscopic growth of aerosol particles containing two
humic substances, each mixed with organic and inorganic components. Model com-
pounds based on the approach proposed by Fuzzi et al. (2001) were chosen to repre-20

sent the organic component. Two inorganic salts of atmospheric relevance were chosen
to represent the inorganic component. The mixtures studied, along with their chem-
ical composition, are shown in Fig. 1. The hygroscopic growth of the particles was
calculated from bulk water vapor pressure measurements over solutions of equivalent
composition. The equilibrium water vapor pressure was measured as a function of tem-25

perature and solution concentration with a water activity apparatus. This study builds
upon our previous work quantifying the hygroscopic growth of single organic solutes
(Zamora et al., 2011).
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This work aims to: (1) generate water activity parameterizations for pure substances
and mixtures at 25 ◦C in the form of concentration vs. water activity, (2) quantify the
effect of humic substances on the hygroscopic growth of inorganic salts and of a sac-
charide, (3) compare the hygroscopic behavior of two humic substances, of different
molecular weight ranges, in mixtures of atmospheric relevance, (4) explore the effect5

of temperature on the water activity of mixtures in the 0–30 ◦C range, and (5) assess
the ability of the Zdanovskii, Stokes, and Robinson (ZSR) method to estimate the hy-
groscopic growth of the mixtures studied.

2 Material and methods

2.1 Materials and solution preparation10

Solutions were prepared by weighing each solid component and water onto a glass
vessel, then stirring until the solution became homogeneous. Figure 1 lists all chemi-
cals used in the solutions along with their manufacturer, purity, and relevant properties.
All chemicals were used without further purification. Water employed in the preparation
of solutions was filtered through a Millipore Synergy 185 system (EMD Millipore, Biller-15

ica, MA), with a resulting resistivity of 18.2 mΩ. For mixed solutions containing NAFA,
multiple dilutions prepared from a concentrated stock solution were used due to the
limited quantities available of International Humic Substance Society (IHSS) standards
(IHSS, 2012, https://ihss.humicsubstances.org/limits.html).

2.2 Measuring water vapor pressure20

Water vapor pressure measurements were conducted with a bulk method described
in detail by Zamora et al. (2011). Briefly, the apparatus used consists of a removable
glass sample vessel, mechanically pumped glass lines wrapped with heating tape,
a temperature controlled bath, and a 100-torr Baratron capacitance manometer (Model
626A12TBE, MKS Instruments, Andover, MA). Approximately 3 g of the solution of in-25
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terest were transferred to the sample vessel, which contained a Teflon coated magnetic
stirring bar to ensure a homogenous composition for the solution. After the sample ves-
sel was connected to the apparatus, several freeze-purge-thaw cycles were performed
to evacuate the gas headspace above the solution.

The sample vessel was then submerged in a constant temperature bath at the de-5

sired temperature. The temperature was monitored by a thermocouple (Digi-sense
RTD Platinum Thermometer, Eutech Instruments, Vernon Hills, IL) attached to the out-
side of the vessel, with an accuracy of ±0.03 ◦C. The system was considered to be
at equilibrium when the temperature had been maintained within ±0.1 ◦C of the target
for at least 30 min. After recording the vapor pressure reading from the barometer, the10

solution was frozen and any remaining pressure reading was subtracted from the mea-
surement to prevent its distortion by a potential air leak. Air leaks were infrequent and
never exceeded 0.2 torr. To avoid directional bias, each data point reported in the vapor
pressure vs. temperature curves was averaged over duplicate measurements taken in
both the increasing and decreasing temperature directions.15

2.3 Quality assurance

For each temperature, a water vapor pressure measurement was calibrated by sub-
tracting the difference between our value and that obtained from the Aerosol Inorganic
Model (AIM) (Clegg et al., 1998) for pure water. Our method was validated with sodium
chloride and ammonium sulfate. Water vapor pressure measurements over aqueous20

solutions of these inorganic salts at 25.0 ◦C matched the values predicted by AIM. The
deliquescence relative humidity (DRH) and hygroscopic growth factor values calculated
from these data were in good agreement with values from published TDMA, EDB and
bulk studies. The uncertainty associated with the water activity at 25 ◦C of pure solutes
was reported to be between 0.007 and 0.018 in our previous work. Full details of our25

method calibration, validation and quality control experiments can be found in Zamora
et al. (2011).
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This study employed a thermocouple with higher accuracy, thus the measurement
uncertainty for the mixtures is lower than for the pure substances. This uncertainty was
based on the accuracy of the thermocouple, and on the precision obtained experimen-
tally for the vapor pressure measurements. The uncertainty range for the water vapor
pressure measurements collected in the 0–30 ◦C range was found to be 0.3–1.4 %, with5

the highest uncertainty occurring at the lowest temperature. At the temperature where
most of the measurements were made, 25 ◦C, the uncertainty range is reported to be
Pv±0.5 % for the water vapor pressure measurements and aw±0.005 (RH ± 0.5 %) for
the water activity.

3 Calculation10

Several parameters were obtained for the mixed particles described in Fig. 1, calcu-
lated from measurements of bulk solutions made with equivalent compositions. The
water activity (aw) was calculated from the ratio of the water vapor pressure over the
solution (Pv) to the saturation water vapor pressure (Pv,s) at the same temperature:

aw =
RH

100%
=

Pv(T )

Pv,s(T )
(1)15

Because the Kelvin effect was not considered in this study, the calculations in this
section apply to particles > 0.05 µm in diameter for the inorganic salts, levoglucosan
and succinic acid, and for particles > 0.20 µm in diameter for the humic substances
and their mixtures. Above these diameter values, our calculations estimate the Kelvin20

correction to be smaller than 5 %.
The mass fraction of solid in a solution was calculated as

mfsolid =
gsolid

gsolid +gwater
(2)
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where gsolid is the total mass of dissolved solid from all solutes and gwater is the mass
of water in solution. The mass fraction of solid can also be expressed in percentage
form, mass %mix = (mfsolid) ∗100. For each solution, the mass percentage was plotted
as a function of water activity and fitted with a polynomial to obtain mass %mix = f (aw).

The hygroscopic growth factor of the mixed particles as a function of water activity5

was directly computed using

Gf,mix(aw)

{
mfsolid,dryρmix,dry

mfsolid,wetρmix,wet

} 1
3

(3)

where mfsolid,dry is the mass fraction of solid in the dry particle (= 1), mfsolid,wet is the
mass fraction of solid in the wet particle (= mass %mix/100), and ρmix,dry and ρmix,wet10

are the dry and wet mixed particle densities, respectively. These densities were es-
timated assuming that the volumes are additive when two or more compounds are
mixed:

1
ρmix

=
∑

c

mfc
ρc

(4)
15

where mfc and ρc are the mass fraction and density of each component in solution
including water for ρmix,wet.

For the pure solutes with known molar weight, an equation equivalent to Eq. (3) but
in terms of molality was used to calculate the hygroscopic growth factor:

Gf(aw) =

{
ρdry

ρwet

(
1+

C

Mdrym
o
wet

)} 1
3

(5)20

where ρdry and ρwet refer to the dry and wet particle density; Mdry is the molar mass

of the solute in g moles−1; C is a conversion factor and equals 103 g solute kg−1 water;
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and mo
wet is the molality of the wet particle in moles kg−1 water, which depends on its

water activity (aw).
Since our solutions are far from ideal due to large solute concentrations and elec-

trolyte content, deviations from ideality are needed to estimate water activity as a func-
tion of composition. The van’t Hoff factor (i ), used as a measure of solution non-ideality5

(Pruppacher and Klett, 1980), is defined through

a−1
w = 1+ i

(
nmix

nw

)
(6)

where nmix is the sum of the dissolved moles from all the solutes in solution and nw is
the moles of water in solution. Note that molar weight estimates, listed in Fig. 1, were10

used to calculate the number of moles for humic substances.
The Zdanovskii, Stokes, and Robinson (ZSR) method models mixed particle hygro-

scopic growth by assuming the particle water content is the sum of the water content
associated with the pure components comprising that particle at a specific relative hu-
midity. The following ZSR equation (Stokes and Robison, 1966; Gysel et al., 2004, Wise15

et al., 2003) can be used to estimate mixture growth factors using measured growth
factors for the pure components:

Gf,mix(aw) =

{∑
i

εiG
3
f (aw)

} 1
3

(7)

where εi is the volume fraction of solute i in the dry particle and Gf,i (aw) is the hygro-20

scopic growth factor of the pure solute i as a function of aw.
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4 Results and discussion

4.1 Pure substances

Previously, we obtained the hygroscopic growth factor as a function of relative humid-
ity (RH) for several pure substances in the 0–30 ◦C temperature range. These solutes
included those chosen for the present work: sodium chloride, ammonium sulfate, lev-5

oglucosan, succinic acid, NA fulvic acid and Fluka humic acid (HA). The Gf values for
the inorganic salts, levoglucosan, and succinic acid were in excellent agreement with
published TDMA, EDB, and bulk data. However, our data for NAFA and Fluka HA indi-
cated no hygroscopic growth up to a RH of 99.9 %, disagreeing with previous findings
from particle methods. The few published TDMA (Brooks et al., 2004; Gysel et al.,10

2004) and EDB (Chan and Chan, 2003) studies on these solutes reported 14–66 %
particle growth. Data analysis and a full discussion of these results can be found at
Zamora et al. (2011).

In this work, we used the relevant data on pure solutes from our previous study to
provide a reference for comparison to the mixtures. Additional data on pure substances15

were only collected for levoglucosan in order to extend its hygroscopic growth curve at
25 ◦C to a higher RH. Using data at 25 ◦C, we obtained water activity parameteriza-
tions for sodium chloride, ammonium sulfate, levoglucosan, and succinic acid by fitting
the molality vs. water activity data sets with fourth-degree polynomials (Fig. 3a). The
resulting R-squared values, 0.999, 0.998, 0.998, and 0.991, indicate good fits of the20

data. Fit parameters and their associated R-squared values are reported in Table 1.
Based on the relation expressed in Eq. (6), we extracted the slope of the linear fit of
the inverse water activity (a−1

w ) versus the ratio of moles of dissolved solute to moles
of water (nmix/nw) for each solution. The resulting van’t Hoff factors (i ) and associated
R-squared values are shown in Fig. 4. The calculated i for sodium chloride and ammo-25

nium sulfate, 2.58 and 2.26, respectively, are in good agreement with van’t Hoff factors
reported in the literature of 1.93, 1.87 2.93, and 2 for NaCl, and 2, 2.31, 2.31–2.33,
2.47 for (NH4)2SO4 (Low, 1969; Gerber et al., 1977; Rogers and Yau, 1989; Wise et al.,
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2003). The van’t Hoff factor obtained for levoglucosan was 1.06, as expected from the
theory and in agreement with that found by Svenningsson et al. (2006) of unity or just
below. We have not included the van’t Hoff factor for succinic acid in Fig. 4 since its
limited solubility in water prevented the study of a wide range of nmix/nw values.

Figure 5 shows the hygroscopic growth factor as a function of water activity for these5

pure solutes. Each of these Gf curves was obtained by introducing the molality ver-
sus water activity expression into Eq. (5). As mentioned in the quality assurance sec-
tion, the hygroscopic growth curves for sodium chloride and ammonium sulfate were in
good agreement with values from published studies (Tang and Malkewitz, 1993; Cruz
and Pandis, 2000). For levoglucosan, we matched hygroscopic growth factor values10

from published TDMA, EDB and bulk values (Mochida and Kawamura, 2004; Chan
et al., 2005; Svenningsson et al., 2006) up to aw = 0.980, above which we could not
find available data in the literature. Note that the hygroscopic growth curve for succinic
acid starts at aw = 0.995, where full deliquescence was observed at 25 ◦C. A high deli-
quescence value was expected due to its limited solubility, and was in agreement with15

published values (Peng et al., 2001b; Wise et al., 2003; Marcolli et al., 2004; Sven-
ningsson et al., 2006), within uncertainty. Hygroscopic growth curves are not shown
for NAFA and HA since our method did not detect water uptake up to aw = 0.999, and
therefore Gf = 1 below this aw value.

4.2 Mixtures20

All the data reported for the mixtures were obtained during this study. First, we mea-
sured the equilibrium water vapor pressure over the most concentrated solution we
were able to prepare for each mixture. Figure 2a–d show water vapor pressure as
a function of temperature from 0 ◦C to 30 ◦C for the all mixtures studied, and for sat-
urated solutions of their individual components as reference. Equilibrium water vapor25

pressures were measured at 25 ◦C over all subsequent dilutions of the mixtures. The
water activity parameterization, van’t Hoff factors and hygroscopic growth factors were
calculated by inputting all the data collected at 25 ◦C into the equations detailed in
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Sect. 3. Molality versus water activity data and their corresponding polynomial fits are
shown in Fig. 3a–c for pure substances, NAFA mixtures, and HA mixtures. Table 1
lists coefficients, R-squared values and valid ranges for water activity parameteriza-
tion based on these fits. Table 2 includes mass-based water activity parameterizations,
which excludes any molar weight assumptions for the HS. Figure 4 shows the resulting5

van’t Hoff factors when the slope was extracted from the linear fit of the a−1
w versus

nmix/nw data for each solution. The hygroscopic growth factor curves as a function of
water activity, along with the corresponding ZSR predictions, are shown in Figs. 5–9.

4.2.1 Humic substances with inorganic salts

Four aqueous mixtures were studied to explore the effect of category III organic com-10

pounds (HULIS) on the hygroscopic growth of an inorganic component. Each mixture
contained one humic substance (NAFA or Fluka HA) and one inorganic salt (sodium
chloride or ammonium sulfate). The compositions of these solutions (NAFA-NACL,
NAFA-AMSL, HA-NACL, HA-AMSL) are shown in Fig. 1. Figure 2a, b show the wa-
ter vapor pressure measured over these solutions in their saturated state as a function15

of temperature for the 0–30 ◦C range. They also show the curves for the pure saturated
humic substances and inorganic salts for reference. Note that the water vapor pressure
curves for saturated solutions of pure NAFA (25 wt %) and HA (10 wt %) matched that
of pure water, indicating no hygroscopic growth for both humic substances. While the
four mixed solutions in Fig. 2a, b were visibly saturated with both the humic substance20

and the inorganic salt, their water vapor pressure curves closely mimicked those of
their corresponding saturated salt solutions. This similarity to the pure salts, observed
for all the temperatures studied, indicates that the water vapor pressure of mixtures sat-
urated in both components was governed by the inorganic compound. For 25 ◦C, we
calculated the water activity from these water vapor pressure data to find the deliques-25

cence point for each mixture. Adding NAFA or HA to ammonium sulfate (NAFA-AMSL,
HA-AMSL) did not change its deliquescence aw value appreciably, changing from 0.806
to 0.800 and to 0.803, respectively. For mixtures of NAFA and HA with sodium chloride,
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the change in deliquescence aw value was larger (from 0.766 to 0.750, and to 0.772)
but still within the uncertainty range of the data for the pure salt from our previous
study (aw ±0.018). Similarly, Chan and Chan (2003) found that the deliquescence of
1:1 NAFA-inorganic mixtures was dominated by the inorganic species. We found the
maximum variation of the water activity with temperature to be 2.2 % for NAFA-NACL,5

7.8 % for NAFA-AMSL, 8.9 % for HA-NACL and 8.6 % for HA-AMSL, within the range
studied.

The water activity parameterizations for all four mixtures are shown on Fig. 3b and
c, as molality versus water activity data sets fitted with polynomials of varying orders.
The polynomial coefficients, R-squared values and valid ranges for each of the param-10

eterizations are reported in Table 1. Figure 4 shows van’t Hoff factors of 2.19, 1.74,
2.74, and 2.17 for NAFA-NACL, NAFA-AMSL, HA-NACL, and HA-AMSL, respectively.
It is difficult to understand the dissolution behavior of the mixtures from these values
because they are influenced by the molar weight assumptions made in order to calcu-
late the moles of the humic substances. In addition, both NAFA and HA are mixtures of15

compounds with different molar weights, densities, and van’t Hoff factors (Averett et al.,
1989) and therefore their disassociation behavior, and van’t Hoff factors, are unknown.
Svenningsson et al. (2006) derived a van’t Hoff factor smaller than 1 for Suwannee
River fulvic acid (SRFA), but noted that it was based on assumptions regarding aver-
age molar weight and density used to calculate the molality of SRFA.20

The effect of adding fulvic acid and humic acid on the hygroscopic growth of the in-
organic salts is easier to discern. At 25 ◦C, the water uptake curve obtained for each
NAFA mixture was slightly smaller than that for the corresponding pure salt for most of
the aw range tested, but increased to match the salt at high aw values. As shown in Fig.
7a, the hygroscopic growth curves for NAFA-NACL and NAFA-AMSL followed or were25

slightly below the ZSR prediction for each solution until aw values of 0.90 and 0.98,
respectively. Above these values, the curves transitioned to match the hygroscopic
growth of NaCl above aw = 0.95 for NAFA-NACL, and of (NH4)2SO4 above aw = 0.98
for NAFA-AMSL. For NAFA-NACL, the ZSR curve underpredicted the growth by as
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much as 13 % in the 0.90–0.995 range. This underprediction of the ZSR approach at
high aw indicates possible interactions between NAFA and the inorganic salt that re-
sulted in additional water uptake beyond that of each individual component. Since the
ZSR curves are based on the data from our previous study, which found a Gf of 1
for NAFA below aw = 0.999, another possibility is that our apparatus underestimated5

the hygroscopic growth of NAFA at high aw values. Two studies found modest hygro-
scopic growth for NAFA particles at aw = 0.90. Gysel et al. (2004) found a Gf of 1.14
with a HTDMA, and Chan and Chan (2003) measured a Gf of 1.19 with an EDB. Chan
and Chan (2003) also measured the water uptake of mixed particles of NAFA/sodium
chloride and NAFA/ammonium sulfate in a 1:1 mass ratio. Within experimental uncer-10

tainty, the hygroscopic growth curve for our 1:3 NAFA-NACL mixture agreed with the
1:1 mixture studied by Chan and Chan up to aw = 0.85. By aw = 0.90, the growth factor
for our 1:3 mixture increased to be 17 % higher than the 1:1 mixture, probably due to
a higher proportion of the more hygroscopic solute, sodium chloride. The growth fac-
tors reported by Chan and Chan for the 1:1 NAFA-AMSL mixture were 11 % higher than15

those we found for our 1:3 mixture at aw = 0.813, matching the growth factor for pure
ammonium sulfate. Above this value, the difference between the hygroscopic growth
curves for both mixtures decreased until they intercepted at aw = 0.909. In general, the
water uptake data for both NAFA/inorganic salt mixtures obtained by Chan and Chan
increased much slower than that for our mixtures, reporting up to 17 % lower water20

uptake for NAFA-NACL but up to 11 % higher water uptake for NAFA-AMSL. Frosch
et al. (2011) also measured the water uptake of a 1:1 NAFA-AMSL mixture, but using
an osmometer. However, they reported data for the 6–12 Gf range at aw values above
0.9985, which is outside of our maximum measured value of 0.9963.

The hygroscopic growth curves of HA-NACL and HA-AMSL at 25 ◦C are presented25

in Fig. 7b. The water uptake obtained for each HA mixture was smaller than that for
the corresponding pure salt in proportion to the mass added of the organic species.
This suggests that humic acid did not contribute any hygroscopic growth, as expected
from its previous data as an individual solute. Thus, the curves agreed well with their
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respective ZSR predictions throughout the measured range. Within uncertainty, our
data for HA-AMSL matched that obtained by Brooks et al. (2004) with the HTDMA for
the 1:9 and 1:1 Fluka HA/ammonium sulfate particles in the aw range of 0.80 to 0.92,
where the data overlap.

4.2.2 Fulvic acid with levoglucosan5

The mixture NAFA-LEVO was prepared with NAFA and levoglucosan in a 1:3 mass ra-
tio (Fig. 1). An additional mixture was made with a 2:1 NAFA/levoglucosan mass ratio
to determine further the influence of fulvic acid on the hygroscopic growth of a cate-
gory I compound. Figure 2c shows the water vapor pressure curves for both mixtures,
along with that for a saturated solution of pure levoglucosan as reference. The water10

vapor pressure measurements for the 2:1 NAFA/levoglucosan mixture were 0.5–1.5 %
lower than the measurements for pure water, a difference within or barely above our ex-
perimental error, while those obtained for 1:3 NAFA-LEVO were 5.0–6.7 % lower. Both
mixtures behaved very similarly to pure solutions with equivalent mass percentage of
levoglucosan, indicating that the saccharide had the largest influence by far on the wa-15

ter vapor pressure over the solution. Unfortunately, the DRH of these mixtures were not
measured since solutions saturated in both solutes could not 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 temperature in the 0–30 ◦C temperature range,20

with maximum variations of 1.0 % for 2:1 NAFA-LEVO and 1.3 % for 1:3 NAFA-LEVO.
Further measurements of the diluted solutions at 25 ◦C were only conducted on 1:3
NAFA-LEVO.

The solution molality versus water activity data for NAFA-LEVO was plotted and fitted
with a 5th-degree polynomial to obtain its water activity parameterization. The corre-25

sponding 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 mix-
ture behaves close to an ideal solution. The addition of fulvic acid slightly lowered the
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van’t Hoff factor of NAFA-LEVO, as compared to that of levoglucosan. A similar effect
was observed on the mixtures of NAFA with the inorganic salts.

Figure 6 shows our experimental data and the ZSR model prediction for the hy-
groscopic growth factor as a function of water activity for NAFA-LEVO. It also shows
the water uptake curve for pure levoglucosan for comparison. The hygroscopic growth5

curve of NAFA-LEVO matched the ZSR prediction up to aw = 0.98, which predicted
values up to 10 % lower than pure levoglucosan. At 0.986, the NAFA-LEVO curve inter-
sected that of pure levoglucosan, which joins with the ZSR curve above aw = 0.9933.
The water uptake curve of NAFA-LEVO shifted left by 0.002–0.004 water activity values
above the point where it met the curve for pure levoglucosan, which is within our ex-10

periment uncertainty range of aw ±0.005. To sum, the NAFA-LEVO mixture presented
growth factors up to 10 % lower than pure levoglucosan below aw = 0.98, as predicted
by the ZSR method. Above 0.98, it agreed well with pure levoglucosan and the ZSR
approach within experimental error.

4.2.3 MIXORG15

MIXORG is a mixture of three organic compounds: levoglucosan, succinic acid and one
humic substance, in proportions representative of the organic portion of continental pol-
luted aerosols (Fig. 1). Figure 2c, d show the water vapor pressure versus temperature
in the 0–30 ◦C range, for the most concentrated solutions of MIXORG made. These
figures also show the curves for the saturated solutions of pure levoglucosan, succinic20

acid, and ammonium sulfate as reference. The MIXORG mixtures had a minimal effect
on the water vapor pressure, as expected from 80 % of their mass being comprised
of two substances that had little or no effect on the water vapor pressure over their
pure saturated solutions. Although these solutions were saturated with respect to ful-
vic and humic acid, respectively, saturated solutions with respect to all solutes could25

not be prepared due to the large quantities of solutes required by the high solubility
of levoglucosan. Hence, the deliquescence relative humidity for these mixtures could
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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 values and valid ranges for the
water activity parameterization 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).5

Assuming our molar weight estimates for the humic substances are accurate, these val-
ues indicate that HA-MIXORG behaved almost ideally while NAFA-MIXORG deviated
substantially from ideality.

Figure 8 shows the hygroscopic growth factor obtained for NAFA-MIXORG and HA-
MIXORG, as a function of water activity. The curve generated with the ZSR model is10

also shown. Only one ZSR curve was included because both solutions have individual
components with identical water uptake. Both NAFA and HA presented no hygroscopic
growth as pure solutes in our previous study, and thus Gf = 1 for all water activity values
under 0.999. The curve for HA-MIXORG presented much higher hygroscopic growth
than the ZSR approach predicted, but increased at a lower rate which led to the in-15

tersection of the curves at aw = 0.99. This underprediction of the ZSR method under
aw = 0.99 may indicate that solute interactions are contributing additional hygroscopic
growth to that expected from its individual components. The water uptake curve for HA-
MIXORG was obtained for a maximum solution concentration equivalent to a growth
factor of 1.5, due to the solubility constraints on solution preparation mentioned above.20

The curve appears almost linear above this Gf value, consistent with the steeper sec-
tion of the typical hygroscopic growth curve at higher aw values. The NAFA-MIXORG
mixture presented a growth factor 42 % smaller than HA-MIXORG, and 21 % smaller
than the ZSR prediction at aw = 0.99.

Figure 8 also shows the data collected by Svenningsson et al. (2006) with the HT-25

DMA for the SRFA-MIXORG mixture. The ZSR method shown in their study, which
accounted for the 5–13 % hygroscopic growth they observed for pure SRFA particles
between 0.85–0.95 aw, agreed well with these data. Our ZSR curve for both MIXORG
mixtures also applies for SRFA-MIXORG since we obtained no growth for saturated
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solutions of SRFA in our previous study (Zamora et al., 2011). It predicts the data from
the Svenningsson study reasonably well with a maximum underestimation of 8.0 %.
One of the reasons for using two of the same mixtures used in Svenningsson et al.
(2006) was to be able to compare the water uptake of different humic substances in
mixtures of identical composition. Unfortunately, the hygroscopic growth data for the5

fulvic acid mixtures were not obtained in the same water activity range due to the lim-
itations of HTDMA at higher RH, and of our method to achieve higher concentrations
in bulk solutions. However, the data for HA-MIXORG and SRFA-MIXORG overlapped
for a small range of water activity, where HA-MIXORG had a 21.4 and 26.3 % higher
growth factor at aw of 0.960 and 0.975, respectively.10

4.2.4 MIXBIO

The MIXBIO mixture is composed of ammonium sulfate, levoglucosan, succinic acid,
and a humic substance in proportions representative of biomass burning aerosols
(Fig. 1). Figure 2c, d show the water vapor pressure versus temperature, for the
most concentrated solutions of MIXBIO made, in the 0–30 ◦C range. As expected, the15

MIXBIO solutions had lower vapor pressure curves than the MIXORG solutions con-
taining the same humic substance due to the hygroscopic effect of ammonium sulfate.
However, due to the quantity of mass of NAFA and HA required to make the bulk solu-
tions, saturated solutions with respect to all solutes in MIXBIO could not be prepared.
Therefore, the maximum effect on the vapor pressure and the deliquescence relative20

humidity for these mixtures could not be determined. The greatest water activity varia-
tion with temperature, within the 0–30 ◦C range, was 2.0 and 1.5 % for NAFA-MIXBIO
and HA-MIXBIO, respectively.

The polynomial coefficients, R-squared values and valid ranges for the water activity
parameterization fits for both MIXBIO mixtures are reported on Table 1. Figure 4 shows25

a van’t Hoff factor of 1.18 for NAFA-MIXBIO, and of 1.43 for HA-MIXBIO. As stated
above, the molar weight estimates for the humic substances will affect the van’t Hoff
factor calculation. Still, if we assume the estimates used are correct, MIXBIO containing
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NAFA behaves more like an ideal solution than does HA, since the former’s van’t Hoff
factor is closer to one. The opposite was found for the MIXORG mixtures.

Figure 9 shows the hygroscopic growth factor obtained for NAFA-MIXBIO and HA-
MIXBIO as a function of water activity. The ZSR model curve, also shown in Fig. 9,
is applicable to NAFA-MIXBIO and HA-MIXBIO since their only difference is the ad-5

dition of NAFA versus HA, both of which presented no hygroscopic growth as pure
solutes (Gf = 1 for all aw values). The hygroscopic growth curve of HA-MIXBIO was
11–13 % higher than the ZSR prediction, although it followed its general trend and
followed its curve above aw = 0.99. NAFA-MIXBIO presented a much higher hygro-
scopic growth, exceeding the ZSR prediction by 13 % and 48 % at aw = 0.95 and 0.98,10

respectively. Such a deviation from the ZSR method indicates interactions of NAFA
with the other solution components that resulted in significant additional hygroscopic
growth to that expected from the individual components. However, the data from the 1:3
NAFA/ammonium sulfate and 1:3 NAFA/levoglucosan systems did not suggest interac-
tions among those solute pairs large enough to justify the growth observed in the NAFA-15

MIXBIO. Since the NAFA-MIXORG mixture presented minimal water uptake, it seems
likely that the additional water uptake above the ZSR calculation for NAFA-MIXBIO was
caused by a multicomponent interaction between NAFA, ammonium sulfate and one or
both of the remaining components: levoglucosan and succinic acid.

We have also included in Fig. 9 data collected by Svenningsson et al. (2006) with20

the HTDMA for the SRFA-MIXBIO mixture for comparison. These data were bounded
on top by the ZSR curve shown in their study, which accounted for the small growth
they observed for pure SRFA particles and for the limited solubility of succinic acid.
Our ZSR curve for MIXBIO, which is also applicable for SRFA since we obtained no
growth for its saturated solutions in our previous study, provides a lower bound for25

the data. Although Svenningsson et al. (2006) mentioned that the small overestimation
resulted from taking into account the solubility of succinic acid, there may be alternative
explanations. The over and underestimation with our respective ZSR models might
indicate that the individual water uptake of SRFA in the MIXBIO mixture is slightly lower
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than expected from the HTDMA measurements but higher than expected from the bulk
measurements of the pure solute. Another possibility is that interactions between SRFA
and the other components are producing these small deviations from ZSR.

Since all three MIXBIO mixtures have identical composition except for the identity
of humic substance, we can compare their hygroscopic behavior directly. HA-MIXBIO5

and SRFA-MIXBIO shared the same hygroscopic growth factor at aw = 0.90 but HA-
MIXBIO presented slightly higher growth above that value. The water uptake data for
the fulvic acid mixtures overlapped briefly from 0.935 to 0.945 aw but NAFA-MIXBIO
showed a sharp increase in water uptake above this value, reaching a growth factor
22 % higher than the last Gf reported for SRFA-MIXBIO at aw = 0.966.10

5 Conclusions

This study presented new water activity parameterizations that can be used to de-
scribe the water uptake of mixed aerosol particles, in a format easy to incorporate into
atmospheric models. These parameterizations were generated from bulk water vapor
pressure measurements of nine mixtures of atmospheric relevance. These mixtures15

consisted of two inorganic salts and four model compounds representing different cat-
egories of water-soluble organic aerosol (WSOC). The WSOC categories of neutral
species and dicarboxylic acids were represented by levoglucosan and succinic acid,
respectively. HULIS was represented by two humic substances (HS): Nordic Aquatic
fulvic acid and Fluka humic acid. We calculated the hygroscopic growth factor as a func-20

tion of water activity at 25 ◦C for each mixture, and compared it to the ZSR model
prediction, and to the few relevant published studies available.

We investigated the effect of HULIS on the water uptake of three different hygro-
scopic solutes, sodium chloride, ammonium sulfate, and levoglucosan, using five two-
component solutions. Within the 0–30 ◦C range, the water vapor pressures over each25

of these mixtures were governed by the hygroscopic compound. Below 95 % RH, the
addition of NA fulvic acid or humic acid to each of these highly water-soluble solutes
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lowered their hygroscopic growth, in proportion to the added mass of HS. Yet, only
the hygroscopic growth of the mixtures containing fulvic acid transitioned to match the
growth of the pure salt or saccharide at higher RH values.

We also examined the hygroscopic behavior of these two HS in mixtures based on
recent aerosol characterization experiments of biomass burning (MIXBIO) and polluted5

continental (MIXORG) aerosols. We compared our results with the hygroscopic growth
of Suwannee River fulvic acid in the same mixtures, measured by Svenningsson et al.
(2004) with the HTDMA. MIXORG exhibited higher hygroscopic growth when contain-
ing humic acid than when containing Suwannee River or Nordic Aquatic fulvic acids.
Conversely, MIXBIO showed a much higher water uptake with solute Nordic Aquatic10

fulvic acid as compared to solutes humic acid or Suwannee River fulvic acid. Each of
these three humic substances affected the hygroscopic growth of mixtures differently,
despite two being fulvic acids frequently used as model compounds for HULIS. Above
95 % RH, the relative water uptake of identical mixtures containing different HS varied
significantly among the mixtures studied and could not be predicted by the hygroscopic15

growth of the pure HS, suggesting interactions among components. This is consistent
with findings from Brooks et al. (2004) and Chan and Chan (2003), which found differ-
ences in the hygroscopic behavior of identical mixtures containing two different humic
acids and two fulvic acids, respectively.

We obtained van’t Hoff factors for all the mixtures studied, and for the pure sub-20

stances for which there was sufficient data range. As expected from their low disasso-
ciation, all mixtures comprised entirely of organic solutes had a van’t Hoff factor near
1, except for NAFA-MIXORG. The addition of NAFA to mixtures resulted in lower van’t
Hoff factors than their pure components, assuming that succinic acid had a van’t Hoff
factor near 1. No such pattern was evident for HA mixtures.25

We explored the effect of temperature on water activity for our nine mixtures in the 0–
30 ◦C range.In our previous study, we found that the temperature had a small influence
on water activity measurements in the same range, with a maximum variation of 11 %
for the substances included in this work (Zamora et al., 2011). In the present work with
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mixtures, the largest water activity variation with temperature we observed was 9 % in
the 0–30 ◦C range. Further analysis on the data for room temperature (20–30 ◦C), the
range at which most water uptake measurements are collected, yielded a maximum
variation of only 2 %. This variation is within the uncertainty range for the water activity
(or RH) of several published studies. Thus, measurements obtained within the room5

temperature range of 20–30 ◦C may be compared directly with more confidence.
Finally, we assessed the ability of the ZSR model to predict the hygroscopic growth of

the nine mixtures studied. The ZSR worked reasonably well for six of the nine mixtures:
three NAFA mixtures (NAFA-LEVO, NAFA-AMSL, NAFA-MIXORG) and three HA mix-
tures (HA-NACL, HA-AMSL, HA-MIXBIO. In general, the ZSR method predicted the10

hygroscopic behavior of all the mixtures studied in this work within 12 % at or under
aw = 0.95 but considerably underestimated the growth of two multicomponent mixtures
at very high aw values.

Overall, we have shown that the effect of humic substances on the hygroscopic be-
havior of atmospheric aerosols can vary widely depending on the identity and origin15

of the humic substance. We confirmed evidence from previous studies that the ZSR
method works well for two-component mixtures containing an organic and an inorganic
solute and extended this assertion to aw values above 0.95, where it has rarely been
tested. We have also demonstrated that the ZSR approach works reasonably well for
the multicomponent mixtures studied under aw = 0.95, but can produce large devia-20

tions at higher values. We recommend that similar studies be performed with chamber
generated secondary organic aerosols in place of humic substances, in order to better
represent the influence of HULIS in the hygroscopic growth of atmospheric aerosols.
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Table 1. Water activity parameterization of data at 25 ◦C, presented as molality (mo
wet) versus

water activity (aW). Every coefficient (bi ) reported in the parameterization, along with all its
decimals, should be used in calculations. Note that molar weight estimates for the humic sub-
stances (Fig. 1) were used to calculate the molality of their mixtures.

Pure mo
wet(aW) = b0 +b1aW +b2a

2
W +b3a

3
W +b4a

4
W R2 Valid

substance/ b0 b1 b2 b3 b4 aW
mixtures range

NaCl −2.50228588389×102 1.1664316728×103 −1.93238829562×103 1.3964565467×103 −3.80271120120×102 1.00 0.7656–0.996
(NH4)2SO4 1.1403026794×103 −4.65485850565×103 7.1570190168×103 −4.87321859102×103 1.2307932385×103 0.99 0.8060–0.998
Levoglucosan 1.5456356598×104 −6.84006821430×104 1.1353711392×105 −8.36678814588×104 2.3074916883×104 0.99 0.8281–0.995
Succinic aci 1.5511340019×104 −3.09760273849×104 1.5464701255×104 − − 0.99 0.9945–0.998
NAFA-NACL −1.81311877890×102 7.4443381879×102 −9.31448496240×102 3.6838931247×102 − 1.00 0.7495–0.996
NAFA-AMSL 7.9817721954×101 −1.29680711802×102 4.9884926715×101 − − 0.99 0.7996–0.996
NAFA-LEVO 1.1601217199×103 −3.51737029314×103 3.6420063991×103 −1.28556752515×103 − 0.99 0.9344–0.992
NAFA-MIXORG 1.2705186732×102 −1.26530481311×102 − − − 0.87 0.9885–1.000
NAFA-MIXBIO 1.1704218619×103 −2.50453513528×103 1.4881244434×103 −1.53947377827×102 − 0.98 0.9350–0.993
HA-NACL −2.26227838908×102 8.3124341115×102 −9.68418870385×102 3.6363660282×102 − 0.99 0.7718–0.996
HA-AMSL 6.5541759122×102 −2.12590700286×103 2.3332104012×103 −8.62780467842×102 − 0.99 0.8269–1.000
HA-MIXORG 1.2205157609×103 −2.34042177375×103 1.0206394139×103 9.9552495632×101 − 0.99 0.9621–0.998
HA-MIXBIO 4.2086021859×103 −1.31796530059×104 1.3797001911×104 −4.82604748681×103 − 0.97 0.9011–0.996
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Table 2. Water activity parameterization of data at 25 ◦C, presented as mass percent
(%massmix) versus water activity (aW). Every coefficient (bi ) reported in the parameterization,
aong with all its decimals, should be used in calculations.

Mixtures %massmix(aW) = b0 +b1aW +b2a
2
W +b3a

3
W +b4a

4
W +b5a

5
W R2 Valid

b0 b1 b2 b3 b4/b5 aW
range

NAFA-NACL −1.64080456310×103 5.9962918782×103 −6.96133960219×103 2.6062764077×103 − 1.00 0.7495–0.996
NAFA-AMSL −4.52850505802×102 1.3651878078×103 −9.11952096415×102 − − 0.99 0.7996–0.996
NAFA-LEVO 7.9131237987×106 −2.73032518103×107 2.8098125578×107 4.9057968479×105 −1.56286408445×107/ 0.99 0.9344–0.992

6.4300630132×106

NAFA-MIXORG 2.1310352837×103 −2.12588091039×103 − − − 0.86 0.9885–1.000
NAFA-MIXBIO −9.03448168102×104 2.8899386978×105 −3.07093186201×105 1.0844499372×105 − 0.98 0.9350–0.993
HA-NACL −5.10074031483×102 2.1069692852×103 −2.55599924529×103 9.6084272835×102 − 0.99 0.7718–0.996
HA-AMSL −5.84059745720×102 1.5900333189×103 −1.00369411599×103 − − 0.97 0.8269–1.000
HA-MIXORG 3.5896368745×104 −8.90004199515×104 7.0410127808×104 −1.73006766058×104 − 0.99 0.9621–0.998
HA-MIXBIO 4.2387029278×104 −1.34810029461×105 1.4333225570×105 −5.09099899404×104 − 0.96 0.9011–0.996
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Fig. 1. Substances chosen as model compounds, their properties and mixtures of these sub-
stances studied in this work.
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Fig. 2. Measured water vapor pressure as a function of temperature in the 0–30 ◦C range for the
most concentrated solutions made of (a) NAFA and its mixtures with inorganic salts, (b) HA and
its mixtures with inorganic salts, (c) 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).
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Fig. 3. Water uptake data plotted as molality versus water activity for the (a) pure substances, (b) the NAFA mixtures,
and (c) the HA mixtures chosen for this study. Water activity parameterizations were obtained by fitting each data set
with a polynomial (lines). Fit coefficients for all solutions are reported in Table 1. Note that the molality was calculated
as the ratio of total dissolved moles for all solutes to kilograms of water added to the solution, and that molar weight
estimates were used to convert mass of NAFA and HA into moles.
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Fig. 4. Water uptake data plotted as the inverse of the water activity (a−1
w ) versus the ratio of

moles of total dissolved solute to moles of water (nmix/nw) for all solutions. A linear fit was
applied to each data set. The slope of the line yields the van’t Hoff factor (i ), which is listed
along with the R-squared value for the fit. Each data set was plotted with an a−1

w offset of 0.5
from the previous one for clarity.

1082

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/1045/2013/acpd-13-1045-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/1045/2013/acpd-13-1045-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 1045–1087, 2013

Hygroscopic growth
of humic substances

in mixed aerosols

I. R. Zamora and
M. Z. Jacobson

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. Hygroscopic growth factor as a function of water activity for pure substances at 25 ◦C.
Open symbols show the growth factors calculated from data measured by Zamora et al. (2011).
Solid lines represent fits to the data based on the water activity parameterizations presented
in Table 1, while vertical dashed lines denote the deliquescence aw value. The deliquescence
measured for NAFA or Fluka HA was above aw = 0.999, therefore Gf = 1 for these humic sub-
stances (HS) below this value.
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Fig. 6. Hygroscopic growth factor as a function of water activity for the NAFA-LEVO mixture
at 25 ◦C. Solid symbols show growth factors calculated from bulk solution measurements using
Eq. (3). The solid line represents the fit to the data based on the water activity parameterizations
presented in Table 1. The dashed line denotes the hygroscopic growth factor as predicted by
the ZSR method. The curve for pure levoglucosan (dotted line) is given for reference.
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Fig. 7. Hygroscopic growth factor as a function of water activity at 25 ◦C for the mixture of inorganic salts with (a)
NAFA, and (b) HA. 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 activity parameterizations presented in Table 1, while dashed
lines denote the hygroscopic growth factor as predicted by the ZSR method. The curves for pure sodium chloride
(dotted line) and ammonium sulfate (dotted-dashed line), including their deliquescence points (vertical lines), are given
for reference. Published data for similar mixtures was included: (a) EDB measurements by Chan and Chan (2003) at
22.5–23.8 ◦C and (b) HTDMA data by Brooks et al. (2004) at 30 ◦C.
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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 activity parameterizations
presented in Table 1. Red solid circles show HTDMA data at 21–24 ◦C 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 hygroscopic growth observed for these HS below aw of 0.999 in Zamora et al.
(2011).
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Fig. 9. Hygroscopic growth factor as a function of water activity for NAFA and HA in MIXBIO
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 activity parameterizations
presented in Table 1. Red solid circles show HTDMA data at 21–24 ◦C for Suwannee River
fulvic acid (SRFA) in MIXBIO 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 hygroscopic growth observed for these HS below aw of 0.999 in Zamora et al.
(2011).
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