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Abstract. Hygroscopic behavior of organic compounds, in-
cluding levoglucosan, 4-hydroxybenzoic acid, and humic
acid, as well as their effects on the hygroscopic properties
of ammonium sulfate (AS) in internally mixed particles are
studied by a hygroscopicity tandem differential mobility an-
alyzer (HTDMA). The organic compounds used represent
pyrolysis products of wood that are emitted from biomass
burning sources. It is found that humic acid aerosol particles
only slightly take up water, starting at RH (relative humid-
ity) above∼ 70 %. This is contrasted by the continuous water
absorption of levoglucosan aerosol particles in the range 5–
90 % RH. However, no hygroscopic growth is observed for
4-hydroxybenzoic acid aerosol particles. Predicted water up-
take using the ideal solution theory, the AIOMFAC model
and the E-AIM (with UNIFAC) model are consistent with
measured hygroscopic growth factors of levoglucosan. How-
ever, the use of these models without consideration of crys-
talline organic phases is not appropriate to describe the hy-
groscopicity of organics that do not exhibit continuous wa-
ter uptake, such as 4-hydroxybenzoic acid and humic acid.
Mixed aerosol particles consisting of ammonium sulfate and
levoglucosan, 4-hydroxybenzoic acid, or humic acid with
different organic mass fractions, take up a reduced amount
of water above 80 % RH (above AS deliquescence) rela-
tive to pure ammonium sulfate aerosol particles of the same
mass. Hygroscopic growth of mixtures of ammonium sul-
fate and levoglucosan with different organic mass fractions
agree well with the predictions of the thermodynamic mod-
els. Use of the Zdanovskii–Stokes–Robinson (ZSR) relation

and AIOMFAC model lead to good agreement with mea-
sured growth factors of mixtures of ammonium sulfate with
4-hydroxybenzoic acid assuming an insoluble organic phase.
Deviations of model predictions from the HTDMA measure-
ment are mainly due to the occurrence of a microscopical
solid phase restructuring at increased humidity (morphol-
ogy effects), which are not considered in the models. Hy-
groscopic growth factors of mixed particles containing hu-
mic acid are well reproduced by the ZSR relation. Lastly, the
organic surrogate compounds represent a selection of some
of the most abundant pyrolysis products of biomass burning.
The hygroscopic growths of mixtures of the organic surro-
gate compounds with ammonium sulfate with increasing or-
ganics mass fraction representing ambient conditions from
the wet to the dry seasonal period in the Amazon basin, ex-
hibit significant water uptake prior to the deliquescence of
ammonium sulfate. The measured water absorptions of mix-
tures of several organic surrogate compounds (including lev-
oglucosan) with ammonium sulfate are close to those of bi-
nary mixtures of levoglucosan with ammonium sulfate, indi-
cating that levoglucosan constitutes a major contribution to
the aerosol water uptake prior to (and beyond) the deliques-
cence of ammonium sulfate. Hence, certain hygroscopic or-
ganic surrogate compounds can substantially affect the del-
iquescence point of ammonium sulfate and overall particle
water uptake.
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1 Introduction

The hygroscopicity of aerosol particles plays a critical role in
visibility degradation, cloud formation, radiative forcing and
thereby regional and global climate (Sloane and Wolff, 1985;
Charlson et al., 1992; Pandis et al., 1995; Heintzenberg and
Charlson, 2009; Shi et al., 2012). Also, the hygroscopic prop-
erties of aerosols determine which fraction of aerosol parti-
cles can act as cloud condensation nuclei (CCNs) and thus
contribute to the aerosol indirect effect (Pilinis et al., 1995;
McFiggans, 2006; Hallquist et al., 2009). Moreover, water
uptake by aerosol particles influences their health effects, as
reported in epidemiological studies (Pöschl, 2005). There-
fore, understanding the interactions between water vapor and
aerosol particles, as well as the related physicochemical pro-
cesses in the atmosphere is of great significance.

Biomass burning is one of the important sources of an-
thropogenic atmospheric aerosols and also leads to the emis-
sion of greenhouse gases. The annual globally burned land
area is in the range of 3 to 3.5 million square kilometers,
resulting in emissions amounting to 2.5× 109 kg carbon per
year (van der Werf et al., 2006; Schultz et al., 2008). Parti-
cles in biomass burning smoke enriched with hygroscopic
organic and inorganic constituents are suggested to act as
efficient cloud condensation nuclei (Novakov and Corrigan,
1996; Petters et al., 2009; Rissler et al., 2010; Dusek et al.,
2011; Frosch et al., 2011). In the Amazon basin, for example,
the CCN concentration in the dry season is 1 order of mag-
nitude higher than in the wet season due to biomass burn-
ing (Roberts et al., 2001; Carrico et al., 2008; Hening et al.,
2010). In addition, the aerosol indirect climatic effects re-
sulting from increased cloud condensation nuclei concentra-
tions are expected to be very important in tropical regions,
particularly in the regions with very high biomass burning
emissions (Roberts et al., 2001; Carrico et al., 2008; Hen-
ing et al., 2010). Increased CCN concentrations may lead
to reduced average cloud droplet radii and associated with
this, likely an enhanced negative radiative forcing of af-
fected clouds (Roberts et al., 2003; Lohmann and Feichter,
2005; Dinar et al., 2006a, b, 2007; Carrico et al., 2008).
Because of the complex chemical composition of biomass
burning aerosols (Decesari et al., 2000, 2006; Shimmo et al.,
2004), there is lack of qualitative as well as quantitative in-
formation on the detailed chemical composition and mixing
state (i.e., internally or externally mixed aerosol populations
and/or whether individual particles consist of a single, ho-
mogeneously mixed phase or multiple liquid/solid phases).
Recently several groups have reported that a significant por-
tion of particles in biomass burning (from 11 % to as high
as 99 % by mass) consist of water-soluble organic carbon
(WSOC) (Ruellan et al., 1999; Novakov and Corrigan, 1996;
Narukawa et al., 1999; Hoffer et al., 2006; Iinuma et al.,
2007; Fu et al., 2009; Claeys et al., 2010; Dusek et al.,
2011; Psichoadaki and Pandis, 2013). One way to handle
the large number of organic compounds comprised within

the water-soluble atmospheric aerosol fraction is to iden-
tify a set of model substances that may be representative in
reproducing the hygroscopic behavior of the water-soluble
organic fraction of the real aerosol particles (May-Bracero
et al., 2002; Rissler et al., 2010; Wu et al., 2011; Zamora
and Jacobson, 2013). For example, based on the identifica-
tion of model compounds with the help of chromatographic
chemical separation, HNMR (proton nuclear magnetic res-
onance) analysis and TOC (total organic carbon) measure-
ments, Andreae et al. (2002) studied the chemical composi-
tion of the WSOC fraction of particles generated by biomass
burning and divided these detected WSOC into three dif-
ferent classes: (1) neutrals (N), (2) monocarboxylic and di-
carboxylic acids (MDA), and (3) polycarboxylic acids (PA).
Further, Artaxo et al. (2002) have suggested organic sur-
rogate compounds representing size-resolved WSOC chem-
ical composition for the dry and wet seasonal periods of
their field campaign in Rondônia, Amazonia. On the basis
of chemical structure, neutral compounds mainly consist of
sugar-like compounds such as levoglucosan, which is the
most abundant semivolatile product of the pyrolysis of cellu-
lose (Iinuma et al., 2007; Claeys et al., 2010; Engling et al.,
2013; Samburova et al., 2013). Another significant fraction
of WSOC are aromatic acids like 4-hydroxybenzoic acid,
which has been identified as a pyrolysis product of lignin,
and which is a major constituent of woods (Mochida and
Kawamura, 2004; Hoffer et al., 2006; Iinuma et al., 2007;
Fu et al., 2009; Dusek et al., 2011; Psichoadaki and Pandis.
2013). Water-soluble organic carbon is also linked to a class
of complex poly carboxylic acids, which are denoted by the
generic term “HULIS” (humic-like substances) (Decesari et
al., 2001; Fuzzi et al., 2001; Dinar et al., 2006a, b, 2007; Pope
et al., 2010; Fors et al., 2010; Zamora et al., 2011). Also, an
aerosol population can appear as externally mixed, hetero-
geneously internally mixed (i.e., coated or phase-separated
particles) or homogeneously internally mixed (Riziq et al.,
2008; Shamjad et al., 2012; Maskey et al., 2014). The mixing
structure of atmospheric aerosols has a significant effect on
their hygroscopicity (Chan et al., 2006; Maskey et al., 2014).
For example, Chan et al. (2006) studied the hygroscopic be-
havior of solid ammonium sulfate coated with glutaric acid
in two consecutive cycles of hydration and dehydration us-
ing an electrodynamic balance (EDB). They concluded that
the different deliquescence behavior of mixed particles ob-
served between the two cycles of hydration and dehydration
was caused by the different mixing structures of particles
(most likely, core-shell phase-separated, and well-mixed par-
ticles in the first and second cycles, respectively). In addition,
it has been reported that water-soluble organic compounds
from biomass burning, i.e., mono- and carboxylic acids, lev-
oglucosan, and humic acid were quite abundant in the find
mode (Dp < 1.1 µm) (Robert et al., 2003; Rissler et al., 2006;
Vestin et al., 2007; Agarwal et al., 2010; Claey et al., 2010).
Also, different effects of particles size (in the submicron size
range) on the hygroscopic growth factors and deliquescence
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behavior of aerosol are reported in the literature (Hämer et
al., 2000; Mirabel et al., 2000; Djikaev et al., 2001; Russell
and Ming, 2002; Robert et al., 2003; Biskos et al., 2006a, b),
especially for particles smaller than 100 nm in the diameter.
For example, Biskos et al. (2006a, b) observed that the deli-
quescence and efflorescence of ammonium sulfate nanopar-
ticles (6–60 nm) are similar to their larger-particle counter-
parts. The hygroscopic growth factors, however, decrease
substantially with decreasing particles diameter from 60 to
6 nm. In this study, particles of∼ 100 nm dry diameter are
used in our laboratory experiments, thus, albeit of interest,
such size effects were not studied for our model mixtures.

Sampled WSOC typically contain a wide range of chem-
ical species that are expected to show rather different water
solubilities, and different effects on the hygroscopic growth
factors of aerosol particles from biomass burning (Mochida
and Kawamura, 2004; Biskos et al., 2006; Rissler et al., 2010;
Jung et al., 2011). However, for a variety of WSOC com-
pounds, it is not well known what the deliquescence relative
humidity (DRH) of the pure compound is, which determines
if it can exhibit substantial water uptake at moderate RH or
not at least as long as crystallization took place at dry con-
ditions (followed by a hydration trajectory). Some organic
components that show a small solubility in pure water (i.e.,
these require a large volume of water to be extracted and la-
beled as a WSOC), may have a DRH close to 100 % RH,
which is not accessible in our hydration experiments (RH
probed up to∼ 90 % RH). All these factors are of great im-
portance in determining the CCN activity of biomass burning
particles.

Previous studies have been carried out to investigate the
hygroscopicity of organic–inorganic mixtures of represen-
tative model compounds from biomass burning (Cruz and
Pandis, 1998, 2000; Raymond and Pandis, 2002; Abbatt et
al., 2005; Henning et al., 2005; Svenningsson et al., 2006;
Carrico et al., 2008; Dusek et al., 2011). For example, wa-
ter uptake of surrogate mixtures containing a representa-
tive water-soluble organic fraction and inorganic compounds
were studied by Svenningsson et al. (2006). They used the
Zdanovski–Stokes–Robinson (ZSR) relation to compare and
successfully explain the observed hygroscopic growth fac-
tors for three out of four mixtures. In addition, Carrico et
al. (2008) and Dusk et al. (2011) investigated CCN activity
and hygroscopic growth behavior of ambient biomass burn-
ing aerosols. However, actual biomass burning aerosols are
typically much more complex in terms of composition. The
hygroscopicity of biomass burning aerosols likely depends
on the mixing of a diversity of organic compounds with in-
organic constituents during different time periods in the field
(Decesari et al., 2006).

In this work, the hygroscopic properties of relevant organic
compounds from biomass burning are determined by the
HTDMA technique. Using this experimental technique, we
also study the influence of the organic surrogate compounds
on the water uptake behavior of mixed organic–inorganic

Figure 1. Schematic of the hygroscopicity tandem different mobil-
ity analyzer (HTDMA) system.

aerosols containing ammonium sulfate. Moreover, mixtures
of several of the organic components with ammonium sul-
fate, mimicking more complex particles observed in the at-
mosphere, are investigated to determine the influence of or-
ganic compounds on the overall particle hygroscopicity. In
addition, we use the Zdanovskii–Stokes–Robinson (ZSR) re-
lation (Stokes and Robinson, 1966), the Extended Aerosol
Inorganic Model (E-AIM) (Clegg et al., 2001; Clegg and Se-
infeld, 2006; available online:http://www.aim.env.uea.ac.uk/
aim/aim.php), and the Aerosol Inorganic–Organic Mixtures
Functional groups Activity Coefficients (AIOMFAC) model
(Zuend et al., 2008, 2011) to predict the hygroscopic growth
of mixed aerosol particles and provide comparisons to our
experimental findings.

2 Experimental and modeling methods

2.1 HTDMA instrument setup and experimental
protocol

A schematic of our HTDMA setup is presented in Fig. 1. The
HTDMA setup is comprised of three main components: (1)
the aerosol particle generation section, (2) the particles sizing
and humidification system, and (3) a relative humidity con-
trol system. Polydispersed sub-micrometer particles are gen-
erated using an atomizer (MSP 1500, MSP) from bulk solu-
tions (0.1 wt %) with different mass fractions of organic and
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Table 1.Substances and their physical properties used in this work.

Chemical Chemical Molar Density in solid Solubility Solution Manufacture
compound formula Mass and liquid state g/100 cm3 surface tension

[g mol−1] [g cm−3] H2O [J m−2]

Ammonium sulfate (NH4)2SO4 132.140 1.770a, 1.550a 74.400 (at 20◦C) 0.072 Alfa Aesar, 99.95 %
Levoglucosan C6H10O5 126.100 1.618b, 1.512b 0.073c Aldrich, 99 %

(0.01–10 mg mL−1)
4-Hydroxybenzoic acid C7H6O3 138.100 1.460, 1.372d 0.675 (at 25◦C) 0.070e Alfa Aesar, 99.99 %
Humic acids NA 0.800f NA 0.073i Aldrich, 99 %

a Clegg and Wexler (2011a);
b Lienhard et al. (2012);
c Tuckermann and Cammenga (2004);
d Jedelský et al. (2000);
e Kiss et al. (2005);
f Yates III and Wandruszka (1999).
i Mikhailov et al. (2008).

inorganic species mixed with deionized water (EASY Pure®

‖ UF ultrapure water system, resistivity > 18.2 M� cm), as-
suming that the compositions of the mixed aerosols remain
the same as that of the solution used in the atomizer. The
aerosol particles pass through three silica gel diffusion dryers
(SDD) and a Nafion gas dryer (Perma Pure Inc., USA), bring-
ing the particles to a dry state (RH1 < 5 %). The dry aerosols
are subsequently charged and then enter the first differen-
tial mobility analyzer (DMA1), where a near-monodisperse
distribution of particles of the desired dry diameter (D0) of
100± 1 nm is selected. After size selection, aerosols are pre-
humidified in a Nafion conditioner tube, and they then flow
into a second Nafion tube at the set relative humidity, RH2, of
a growth factor measurement. The residence time of aerosol
flow before entering into DMA2 is about 5 s in the humidi-
fication section. This residence time may be insufficient for
some organic compounds to reach equilibrium at the high RH
because of a very low accommodation coefficient (Kerminen,
1997; Ha and Chan, 2001; Zhang and Chan, 2000; Peng and
Chan, 2001; Chan et al., 2005). For example, for aqueous
particles (aqueous inner phases) coated with organic layers,
MgSO4, sodium pyruvate, glutaric acid and asparagine (ci-
tation required). They need typically a longer residence time
than just a seconds to reach equilibrium. Finally, the number
size distributions for the humidified aerosols are measured
using the second DMA (DMA2) coupled with a condensa-
tion particle counter CPC (Model 1500, MSP). These num-
ber size distributions as a result of a particular experiment
are generated from the measured data (scanning DMA2) by
using an inversion program that is based on a log-normal
size distribution approximation (Stolzenburg and McMurry,
2008). The relative humidity of the DMA2 sheath flow, RH3,
is measured using a dew point hygrometer (Michell, UK),
with an uncertainty of± 0.08 % RH. To allow the aerosol to
equilibrate at the specified RH, we ensure that RH3 is equal
to RH2. In addition, critical orifices were used to regulate the

Table 2. Initial dry diameter (Dh, dry) (RH <5 %) and minimum
mobility diameter (Dh, min) in hydration (h) mode of the HTDMA
experiments.

Aerosol type Dh, dry (nm) Dh, min (nm)

Ammonium sulfate 100.6 99.5
Levoglucosan 99.8 99.6
Humic acid 100.4 100.3
4-Hydroxybenzoic acid 100.2 95.0

sheath flows, which were both recirculated using closed-loop
arrangements (Jokinen and Makela, 1997).

2.2 Theory and modeling methods

The mobility-diameter growth factor is calculated as the ra-
tio of mobility a particle established after exposure to a set
RH level (mobility-diameter after humidification) to the ref-
erence mobility of the dry aerosol particles (at RH < 5 %).
Hygroscopic diameter growth factors, GF(RH) are defined
by GF(RH) = D(RH)/D0, where D(RH) is the particles di-
ameter at a specific RH andD0 the diameter at dry condi-
tions (RH < 5 %);D0 is often taken as the initial mode di-
ameter of the aerosol (Dh, dry) at dry conditions, RH < 5 %
selected by DMA1. In addition, following the definition of
Mikhailov et al. (2004, 2008, 2009), a reference diameterD0
can be defined as being the minimum diameter (Dh, min) ob-
served while following an experimental protocol. The values
of this minimum diameter and initial dry diameter of our ex-
periments are summarized in Table 2 (for set dry RH3 be-
low 5 % RH in the HTDMA operation) and measured hy-
groscopic growth factors of compounds presented in Fig. 2.
In addition, hygroscopic diameter growth factors based on
reference dry size minimum diameters are predicted using
different thermodynamic models and mixing rules. In each
model, we assume that these particles are spherical. As a
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consequence, the predicted mobility equivalent diameter is
equal to the volume-equivalent diameter of a sphere.

2.2.1 GF data fit

An expression proposed by Dick et al. (2000) is used to
present the relationship between water activity,aw and GF
(RH) for particles of individual compounds:

GF= [1+ (a + b × aw + c × a2
w)

aw

1− aw
]

1
3 , (1)

RH/100 %= aw × Ke, (2)

Ke = exp{
4σsolMw

RTρwDp
}. (3)

Here aw is the bulk water activity (mole fraction basis) at
the composition of the solution droplet corresponding to gas
phase RH at equilibrium with a bulk solution,σsol is the sur-
face tension of the solution,Mw is the molecular weight of
water,ρw is the density of pure water atT , R is the uni-
versal gas constant,T is the temperature,Dp is the sphere-
equivalent mobility particle diameter, andKe is the so-called
Kelvin correction factor term accounting for the droplet cur-
vature.

The simplest assumption is that the Kelvin factor is equal
to 1 (i.e., neglecting the droplet curvature effect), applicable
to sufficiently large particles, however, for 100 nm diameter
particles, ignoring the Kelvin effect at a given RH level and
measured growth factor, leads to an error in the correspond-
ing bulk solution equivalent water activity of about 1–2 %
(Kreidenweis et al., 2005; Koehler et al., 2006). In this work,
we have corrected all HTDMA GF data by evaluating the
Kelvin term (Eq. 3) for the retrieved droplet size at a certain
RH to obtain the corresponding water activity for compari-
son with models. The coefficientsa, b, andc of Eq. (1) are
determined by fitting Eq. (1) to GF vs.aw values obtained by
using Eq. (2) with measured GF data at known experimental
RH levels. Equation1) is appropriate to describe continuous
water uptake behavior of particles with a reference diameter
at dry conditions (i.e., with GF= 1.0 at RH= 0 %).

2.2.2 GF predictions by ZSR

Assuming that the water uptake for each of the components
of mixed particles can be treated independently at a given
RH, i.e., the assumption of the Zdanovskii–Stokes–Robinson
mixing rule, and that the partial volumes of individual com-
ponents/phases are additive, the GF of a mixture, GFmix
(RH), can be estimated from the GFj of the pure components
j and their respective volume fractions,εj , in the mixture
(Malm and Kreidenweis, 1997):

GFmix =

[∑
j
εj

(
GFj

)3
] 1

3
. (4)

2.2.3 GF prediction by E-AIM

E-AIM is a thermodynamic equilibrium model used for
calculating gas/liquid/solid partitioning, widely used in the
community. This model includes density predictions for
aerosol systems containing inorganic and organic compo-
nents in aqueous solutions. This allows for better con-
sideration of non-ideal mixing effects on solution density,
and hence particle diameter at different RH. The group-
contribution method UNIFAC (universal quasi-chemical
functional group activity coefficients) (Fredenslund et al.,
1975; Hansen et al., 1991), can be used within the E-AIM
model to predict activity coefficients in aqueous solutions
of multifunctional organic compounds Clegg et al., 2001).
However, the standard UNIFAC model (Fredenslund et al.,
1975; Hansen et al., 1991) is usually not appropriate for or-
ganic components in which two strongly polar groups are
separated by less than four carbon atoms giving rise to in-
tramolecular interactions, such as hydrogen bonding between
certain polar groups. Some specific interaction parameters
of UNIFAC were revised by Peng et al. (2001). The use
of these modified UNIFAC parameters improves the predic-
tion of the water activity of dicarboxylic acids and hydroxy-
di-carboxylic and hydroxy-tricarboxylic acids. These modi-
fied UNIFAC parameters can also be chosen for calculations
within the E-AIM model. The use of E-AIM model for mixed
organic–inorganic systems has been described in a range of
papers (Hanford et al., 2008; Clegg and Seinfeld, 2006; Han-
ford et al., 2008; Pope et al., 2010a; Yeung and Chan, 2010).

We applied the E-AIM model to obtain the equilibrium
state of aqueous mixtures and predict the GF as a function
of RH. The water uptake by the organic components is esti-
mated by choice with either the standard UNIFAC model or
the modified UNIFAC model with certain interaction param-
eters by Peng et al. (2001), denoted UNIFAC-Peng as part
of the E-AIM model. Both flavors of UNIFAC have been ap-
plied for certain systems studied in this work.

2.2.4 GF prediction by AIOMFAC

The AIOMFAC model by Zuend et al. (2008, 2011) is a
thermodynamic group-contribution model designed to cal-
culate activity coefficient covering inorganic, organic, and
organic–inorganic interactions in aqueous solutions over a
wide concentration range. Like the optional choice in the
E-AIM model, AIOMFAC also includes a modified UNI-
FAC model. In addition, AIOMFAC includes long-range
and middle-range molecular interaction contributions based
on a semi-empirical Pitzer-type model expression to explic-
itly account for interactions between inorganic ions and or-
ganic functional groups (plus water) in mixed solutions. This
model has been successfully applied to a variety of thermo-
dynamic equilibrium calculations, including the considera-
tion of liquid–liquid phase separation and the deliquescence
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Figure 2. Hygroscopic diameter growth factor (GF) forD0 (initial dry diameter RH < 5 %) aerosol particles. The measurements, model
calculations, and fitted expression Eq. (1) represent conditions of particle growth during a hydration experiment from 5 % to 90 % RH at
298.15 K. Measured growth factors are corrected for the Kelvin effect and are therefore shown vs. water activity. Symbols: measured GF are
shown with respect toD0 = Dh,dry (black squares) orD0 = Dh&d, min (open circles). Systems:(a) ammonium sulfate(b) levoglucosan,(c)
humic acid, and 4-hydroxybenzoic acid.

Table 3. Coefficients (a,b,c) of the fitted growth curve parameterization to measured growth factor data using Eq. (1). Measured growth
factors ofD0 nm particles used in Eq. (1) were first corrected for the Kelvin effect.

Chemical compounds a b c

Levoglucosan 0.45602 −0.69869 0.44755
4-Hydroxybenzoic acidD0 = Dh, dry −0.14061 0.22767 −0.09526
Humic acid 0.33579 −0.60172 0.40850

of ammonium sulfate (e.g., Zuend et al., 2010; Song et al.,
2012; Zuend and Seinfeld, 2012; Shiraiwa et al., 2013).

In this study, we use a thermodynamic equilibrium model
based on AIOMFAC (Zuend and Seinfeld, 2012; Shiraiwa et
al., 2013) which assumes that all components are in a liq-
uid or amorphous (viscous) solution, potentially exhibiting
liquid–liquid phase separation in a certain RH range – ex-
cept for ammonium sulfate, which, as an option, is allowed
to form a crystalline phase in equilibrium with the remain-
ing solution (to represent the efflorescence and deliquescence
hysteresis behavior of the inorganic salt depending on the

mode of hydration/dehydration and starting RH in compu-
tations). Liquid–liquid phase equilibria are predicted using
the algorithm of Zuend and Seinfeld (2013). However, the
formation of solid (crystalline) organic phases is not gener-
ally considered at this point since in actual complex organic
aerosols, the formation of crystalline organic phases is likely
suppressed (Marcolli et al., 2004). Thus, in the context of this
study, where solid organic phases may be present in some
of the systems, the model will not be applicable – at least
not to as part of the hydration branch of a humidity cycle.
As an exception, we apply the model for the mixed systems
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Table 4.The chemical composition of biomass-burning model mixtures studied, given as mass percentages (wt %).

Mixture name Ammonium Levoglucosan 4-Hydroxybenzoic Humic
sulfate acid acid

Mix-bio-dry 68.0 % 26.0 % 3.0 % 3.0 %
Mix-bio-wet 87.2 % 9.2 % 1.5 % 2.1 %

of 4-hydroxybenzoic acid and ammonium sulfate also in a
mode where the assumption is made that the organic compo-
nent is solid and insoluble over the whole RH range consid-
ered (this allows for better comparison with the experimen-
tal findings). Since this thermodynamic model predicts the
water content (mole fraction of water) of a mixture in equi-
librium with the gas phase at a given RH level, mass growth
factors can be calculated directly. However, to compute di-
ameter growth factors, assumptions about the density of dif-
ferent mixture components and non-ideal mixing effects on
solution density need to be made. Here we use the simpli-
fied assumption of additive component volumes, while ac-
counting for differences between the densities of solid am-
monium sulfate and dissolved aqueous ammonium sulfate.
In the case of water and the organic components, the phys-
ical state is assumed to be liquid (potentially a supercooled
liquid) at room temperature for the purpose of defining den-
sity values. The following density values of the pure compo-
nents are used (which can be converted to specific or molar
volumes):ρ (water)= 0.9971 g cm−3 (Lienhard et al., 2012),
ρ (levoglucosan)= 1.512 g cm−3 (Lienhard et al., 2012),
ρ (4-hydroxybenzoic acid)= 1.3723 g cm−3 (Jedelský et
al., 2000), ρ (ammonium sulfate, liquid)= 1.55 g cm−3

(Clegg and Wexler, 2011b), andρ (ammonium sulfate,
solid)= 1.77 g cm−3 (Clegg and Wexler, 2011b). All model
calculations are performed for bulk solution properties, i.e.,
sufficiently large particles, where no curvature correction is
necessary. For comparisons with measurements, the experi-
mental data were corrected, as discussed in Sect. 2.2.1.

2.2.5 Ideal solution growth factor

The water activity of an ideal solution containing a non-
volatile, non-electrolyte component is equal to the mole frac-
tion of water (xw) (activity coefficients of unity). Thus, in the
case of an ideal solution, we can estimate the water activity
of liquid particles directly from the knowledge of water con-
tent in term ofxw. Solutions comprising electrolyte compo-
nents, such as ammonium sulfate or sulfuric acid, are usually
strongly deviating from an ideal solution due to substantial
dissolution (dissociation) of the electrolytes and non-ideal
interaction between ions, water, and organic compounds.
Therefore, water activities of mixed organic–inorganic sys-
tems may substantially differ from a prediction by an ideal
solution assumption (e.g., Zuend et al., 2011).

In this study, the ideal solution growth factor is used to
explore its use as a simple approach to describe the hygro-
scopic diameter growth factor of pure components and mix-
tures, e.g., for ammonium sulfate and mixed particles. Since
hygroscopic diameter growth factor measurements using the
HTDMA are on volume basis, the ideal solution GF is calcu-
lated using mole fractions by the equation:

GF=

 ∑
j

(
xjMj

1
ρj

)
∑

j,j 6=w

(
xjMj

1
ρj

)


1
3

. (5)

Here,xj ,Mj , andρj are mole fraction, molar mass and mass
density of componentj , respectively. The sum in the numer-
ator of Eq. (3) goes over all components including water,
while the sum in the denominator goes over all components
except for water (j 6= w; “dry” conditions). Note that when
dissociated electrolyte components are present in the liquid
mixtures, the mole fractions in Eq. (3) have to be calculated
as mole fractions with respect to completely dissociated elec-
trolytes (or an applicable degree of dissociation). Equation
(3) is more likely applicable when water and the solute com-
ponents are in a liquid solution, i.e., no solids present. In ad-
dition, it is assumed that the partial molar volumes of organ-
ics and water in solution are equal to those of the respective
pure liquid components.

3 Results and discussion

3.1 GF of single solute systems

The hygroscopic behavior of ammonium sulfate aerosol
close to room temperature is well understood and has been
characterized by several groups (Gysel et al., 2002; Kreiden-
weis et al., 2005; Biskos et al., 2006a, b). We can use it as a
reference substance to calibrate the HTDMA setup because
of its well-known deliquescence point (80 % RH at 294.8 K)
(Onasch et al., 1999).

Figure 2a presents growth factors with respect toD0 =

Dh,dry and D0 = Dh,min ammonium sulfate particles from
low to high RH. The measured growth factor of ammonium
sulfate is 1.45± 0.01 at 80 % RH after deliquescence. The
data agree well with values measured by Gysel et al. (2002)
and Wise et al. (2003). For example, the GF of AS is 1.45
at 80 % RH at 24.9◦ as measured by Wise et al. (2003). In
addition, the effects of particle shape/porosity restructuring
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on hygroscopic behavior of AS particles investigated are
rather small (Mikhailov et al., 2004, 2008, 2009). The hy-
groscopic growth experiments for pure AS are also in good
agreement with the prediction from the E-AIM model and the
AIOMFAC model. Here, both models correctly account for
the solid, crystalline state of AS in the RH range before the
deliquescence at∼ 80 % RH for the conditions of a hydra-
tion experiment. Slight differences between these two ther-
modynamic models, which both account very well for the
non-ideal solution behavior of AS, are mainly due to differ-
ent conversions of mass growth to diameter growth factors
by the models. The E-AIM model includes a composition-
dependent solution density model, while the AIOMFAC-
based model simply assumes volume additivity (see discus-
sion in Sect. 3.2). However, assuming an ideal solution, with-
out consideration of the solid state and mixing effects on
solution density, its prediction for AS results in higher than
measured hygroscopic growth, also for RH > 80 %.

As shown in Fig. 2b, levoglucosan aerosol particles show
continuous water uptake from low to high RH, and no del-
iquescence phase transition is observed, in excellent agree-
ment with the behavior reported by Mochida and Kawamura
et al. (2004) and Svenningsson et al. 2006. The measured GF
at 80 % RH is 1.17± 0.01, which is similar to a result from
the literature (Mochida and Kawamura, 2004), which report
a growth factor of levoglucosan of 1.18 at 80 % RH. Also, the
measured hygroscopic growth factors are reasonably consis-
tent with those estimated from the standard UNIFAC model
within the E-AIM model, the AIOMFAC model, ideal solu-
tion theory, and the fitted expression Eq. (1). At higher RH,
deviations between the different models become more sig-
nificant for a good estimate of the actual GF. The measure-
ments also suggest that levoglucosan absorbs a small amount
of water even at 5 % RH, and that it remains liquid over the
full range of RH, and potentially rather viscous at lower RH.
However, another possible explanation for slight water up-
take of levoglucosan could be that nanoparticles produced
by crystallization at very low RH contain volume and sur-
face defects (porosity, polycrystalline state), which may fa-
cilitate water adsorption followed by absorption starting al-
ready at low relative humidity (Mikhailov et al., 2008, 2009).
This possibility cannot be ruled out by our measurements,
but the observation, which do not show a deliquescence step,
would suggest that such an effect could only take place with
a gradual deliquescence in the levoglucosan system. Zuend
et al. (2011) discuss the case of AIOMFAC predictions for
levoglucosan and its mixtures with different inorganic elec-
trolytes. They state that the molecular structure of levoglu-
cosan with several polar functional groups in close vicinity
leads to less accurate model predictions for solutions con-
taining this compound. The same is true for UNIFAC model
predictions and is therefore a well-known limitation of these
models for this particular system, explaining the observed de-
viations between model curves and measurements.

As can be seen from Fig. 2c, humic acid aerosol particles
show a slight increase in GF from 10 % RH to 70 %. Above
70 % RH, the particles start to take up increasingly more wa-
ter toward high RH. The effects of microscopic restructuring
on the water uptake of humic acid aerosol particles are rela-
tively the same small, comparable with those of ammonium
sulfate and levoglucosan aerosol particles. These measured
GF are slightly higher than the measured hygroscopic growth
factors of Leonardite Standard HA by Brooks et al. (2004).
For example, the measured GF at 80 % is 1.13± 0.01 while
Brooks et al. (2004) report a growth factor of humic acid of
1.0± 0.01 at 80 % RH. However, a contrasting phenomenon
was reported by Zamora and Jacobson (2013) who observed
no hygroscopic growth of humic acid particles was observed
over the full range of RH in their study, perhaps due to differ-
ent origin and composition of the humic acid samples. Due to
the lack of detailed physical and chemical information about
the used humic acid, the GF of humic acid particles are only
presented with a data fit based on Eq. (1). The determined fit
parameters are listed in Table 2. For model calculations with
E-AIM and AIOMFAC, the chemical structure or at least the
type and relative abundance of functional groups needs to be
known, which is not the case for the humic acid particles.

The hygroscopic growth curves for 4-hydroxybenzoic acid
are presented in Fig. 2d. No hygroscopic growth (within er-
ror) was observed below 90 % RH. Measured hygroscopic
diameter growth factors with respect toDh,min are above 1.0,
and are close to 1.0 toward high RH (the minimum diame-
ter was found at the highest RH measured). The main rea-
sons for the observation of smaller particles at higher RH
are likely restructuring and/or partial evaporation of parti-
cles at higher relative humidity in the hydration mode. The
measured hygroscopic diameter growth factor with respect
to Dh,dry show of course the same slight decrease in parti-
cles diameter with increasing RH. TheDh,dry definition of
the reference diameter leads to GF smaller than 1.0 at higher
RH, which is consistent with previous experiments by an-
other group (Mochida and Kawamura, 2004). The reasons
for the decrease in particle diameter are not fully understood,
but the same behavior is reported by Shi et al. (2012) for
particles consisting of ammonium sulfate+ benzoic acid.
On the basis of transmission electron microscopy (TEM)
image analysis, they attribute the diameter decrease to the
microscopic restructuring of solid particles with increasing
RH, which may affect the particle mobility diameter. There-
fore, a similar effect could be responsible for the observa-
tions from our experiments. Another potential reason for a
decrease in apparent diameter could be the partial evapora-
tion of semivolatile organics from the aerosol particles in
the HTDMA (here: 4-hydroxybenzoic acid, pure liquid va-
por pressurep0,L

= 8.11× 10−4 Pa at 298.15 K, Booth et
al. 2012), an effect that is also known for certain volatile
inorganic particles (e.g., NH4NO3) (Lightstone et al., 2000;
Hersey et al., 2013). In order to probe hysteresis effects
of 4-hydroxybenzoic acid during hydration and dehydration
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processing of the aerosol, another experiment was conducted
for 4-hydroxybenzoic acid. First, the 4-hydroxybenzoic acid
aerosol particles were passed through a water supersaturation
humidifier (RH of above 100 %), followed by drying to the
different RH setpoints (90 % to 5 % RH). No obvious diame-
ter changes other than potential restructuring effects were ob-
served in this experiment. A possible reason is that the parti-
cles deliquesce in the oversaturation humidifier, but that their
efflorescence occurs above 90 % RH, likely even above 97 %
RH by their efflorescence (Mochida and Kawamura, 2004).
A second possible issue could be that the residence time in
the humidifier section (∼ 5 s) of our HTDMA setup is too
short for 100 nm 4-hydroxybenzoic acid particle to fully del-
iquesce. Our observations of this very limited solubility of
4-hydroxybenzoic acid, and hence, a high DRH are in agree-
ment with the experimental data of Mochida and Kawamura
(2004) for this system. Obviously, the observed results are
different from the GF curves predicted by the ideal solution
theory, the AIOMFAC model, and the UNIFAC-Peng (within
E-AIM) model. For these predictions starting with particles
at 0 % RH, the applied models assume that the organic com-
ponent is present in the liquid state and that solid organic
phases are not present. However, the experimental data in-
dicate that 4-hydroxybenzoic acid is solid and remains solid
in the range from 5 % to 90 % RH for a hydration exper-
iment. Hence, the shown model predictions clearly deviate
from the measurements due to the unfavorable assumption
of a liquid solution and not because of a general limitation of
the models for describing growth factors of the aqueous 4-
hydroxybenzoic acid. Would the models account for a solid
organic phases, the predicted GF would be 1.0 throughout
the shown experimental RH range with deliquescence of the
organic crystal expected to occur at an RH value greater than
90 %. Indeed, the model curves may well capture the water
uptake/loss behavior prior to crystallization for the case of a
dehydration experiment starting at very high RH (∼ 100 %)
with liquid particles becoming supersaturated, metastable so-
lution as RH is decreased below the deliquescence point).

3.2 Mixed systems: ammonium sulfate+ levoglucosan

The measured water uptake by 100 nm particles consisting
of different mixtures of ammonium sulfate+ levoglucosan
with dry mass ratios of 3 : 1, 1 : 1, and 3 : 1, shown in Fig. 3,
present a reduction in the GF at RH > 80 % with increas-
ing levoglucosan mass fraction and therefore decreasing AS
content. For example, the growth factors are 1.30, 1.30, and
1.28 at 80 % RH, respectively, relative to the GF of 1.45 of
pure AS particles at 80 % RH. There is a clear shift in the
full deliquescence of AS at RH= ∼ 80 % RH to lower RH
with increasing levoglucosan mass fraction, which indicates
the levoglucosan aerosol particles have significant effect on
the deliquescence of ammonium sulfate. And with increasing
levoglucosan mass fraction, the smoothing of hygroscopic
growth factor curves is obvious. This phenomenon was ob-

served for mixtures of ammonium sulfate and succinic acid,
malonic acid, monomethylaminium sulfate (MMAS), and
dimethylaminium sulfate (DMAS) by previous studies (e.g.,
Zardini et al., 2008; Hämeri et al., 2002; Qiu and Zhang,
2013). For example, Qiu and Zhang (2013) observed that par-
ticles consisting of 10 wt % MMAS ( or 10 wt % DMAS) and
ammonium sulfate exhibit a moderate growth by water up-
take in the RH range of 40–70 % RH. In addition, the hygro-
scopicity of internal mixtures of ammonium sulfate aerosol
and levoglucosan with core-shell and well-mixed structures
were experimentally studied by Maskey et al. (2014) using
the HTDMA technique. They show that the GF of the well-
mixed particles was higher than that of the core-shell parti-
cles with the same organic fraction volume.

The experimental hygroscopic growth results for AS+

levoglucosan mixtures are compared with four model pre-
dictions. The E-AIM model with standard UNIFAC is in
relatively good agreement with the measured hygroscopic
growth factors, but slightly overestimates the water uptake
at RH <∼ 70 %. Especially in the case of the 1 : 1 mixtures
of AS: levoglucosan (by mass), the E-AIM model includes a
composition dependent solution density model, (i.e., solution
density depends on water content and therefore RH), while
the AIOMFAC-based model does not include such a sophis-
ticated treatment. The AIOMFAC model assumes linear ad-
ditivity of pure component liquid or solid volumes/density to
estimate the droplet diameter at a given RH. A possible rea-
son for small differences between the model predictions is
that E-AIM model provides droplet volume output based on
density predictions of the aqueous system at different com-
positions (Clegg and Wexler, 2011a, b), while the other two
models use a simpler volume additivity approach. We at-
tribute a small effect on predicted GF curves due to different
density treatment in E-AIM and the AIOMFAC-based model
based on a comparison of E-AIM and AIOMFAC-based pre-
dicted mass growth factors and diameter growth factors for
pure ammonium sulfate shown in Fig. 4. Note that for this
model comparison (Fig. 4) no specific particle size is as-
sumed, i.e., these are model calculations for bulk system con-
ditions without the necessity of a correction factor account-
ing for droplet curvature. Deviations in predicted diameter
growth factors related to the different solution density mod-
els used are therefore visualized by the comparison of the two
model predictions, especially for water activities above del-
iquescence of ammonium sulfate, where the predicted mass
growth factors agree very well. Figure 4 illustrates that the
two different thermodynamic models can yield different pre-
dictions of diameter growth factors because of two reasons:
(i) differences in predicted activity coefficients for a given
mixture composition, which is seen from deviations between
the models in Fig. 4a (mass growth factors vs. water activity)
particularly foraw <∼ 0.6 and/or (ii) due to a different solu-
tion density model used, as seen from a comparison of pan-
els (a) and (b) of Fig. 4 foraw >∼ 0.6. Based on this com-
parison, slight differences between E-AIM and AIOMFAC
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Figure 3. Hygroscopic growth factors of aerosol particles containing mixtures of levoglucosan with ammonium sulfate at three different dry
state mass fractions. The measurements and model calculations represent the particle growth during a hydration experiment from 5 % to 90 %
RH at 298.15 K. Measured growth factors are corrected for the Kelvin effect and are therefore shown vs. water activity. Mass ratio of AS:
Levoglucosan:(a) 3 : 1, (b) 1 : 1, (c) 3 : 1.

diameter growth factor predictions are explained by the use
of two different approaches for the description of solution
density (and therefore volume). In addition, for the levoglu-
cosan+ AS mixtures, the AIOMFAC-based model predicts
a liquid–liquid phase separation between 80 % and∼ 90 %
RH for the hydration conditions. The E-AIM model does not
predict a phase separation and estimates a higher miscibility
between the inorganic and organic components, which seems
to be in better agreement with the experimental data. This is
the major reason for the differences between the two model
predictions regarding the diameter growth factors above AS
deliquescence in case of the levoglucosan+ AS system. In
addition, the E-AIM model predicts a slightly higher mutual
solubility of AS and levoglucosan at RH < 80 % in compar-
ison to AIOMFAC, which leads to more dissolution of AS
and associated with that, to a large water uptake at RH below
full deliquescence. Regarding the ideal solution curve with-
out consideration of a solid AS phase, the ideal curve agrees
better with the measured GFs with increasing mass fraction
of levoglucosan, which is a consequence of a reduced effect
and less abrupt deliquescence transition of ammonium sul-

fate in the mixtures with higher levoglucosan mass fraction.
The ZSR model is based on hygroscopic growth factors of
ammonium sulfate and levoglucosan derived from E-AIM
predictions for AS and the fitted GF curve (Eq. 1) for lev-
oglucosan. At RH above 80 %, the ZSR model is in relatively
good agreement with the measured particle hygroscopicities
when accounting for measurement error. However, due to the
nature of the classical ZSR model used, the mutual solubility
of AS in aqueous levoglucosan solution at RH < 80 % be-
low full AS deliquescence is not considered, i.e., the water
uptake of organic and inorganic components is treated sepa-
rately and no dissolution effects are accounted for. At those
lower RH conditions, this leads to the largest deviations from
experimental data for the ZSR predictions in comparison to
the two other models.

3.3 Mixed systems: ammonium sulfate+ humic acid

Hygroscopic behavior of 100 nm particles containing ammo-
nium sulfate+ humic acid with dry mass ratios of 3 : 1, 1 : 1,
3 : 1, shown in Fig. 5, present a reduction in GF at RH > 80 %
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Figure 4. Comparison of E-AIM and AIOMFAC-based mass
growth factors(a) and growth diameter growth factors(b) for the
binary ammonium sulfate+ water system at 298.15 K.

Figure 5. Hygroscopic growth factors of aerosol particles contain-
ing mixtures of humic acid (HA) and ammonium sulfate at three
different dry state mass ratios. The measurements and ZSR model
calculations represent the particle growth during hydration experi-
ments from 5 % to 90 % RH at 298.15 K. Measured growth factors
are corrected for the Kelvin effect and are therefore shown vs. water
activity.

with increasing mass fraction of HA (decreasing AS con-
tent). For instance, the measured growth factors are 1.30,
1.21, and 1.18 at 80 % RH after full AS deliquescence for the
particles containing 25 wt %, 50 wt % and 75 wt % HA (dry
composition) compared to a growth factor of 1.45 for pure,

deliquesced AS particles at 80 % RH. In addition, the HA
has a lower hygroscopicity which leads the mixed particles to
take up a smaller amount of water before the complete deli-
quescence of AS. Based on a ZSR relation assumption of (ap-
proximate) additivity of water uptake by the different mixture
components according to their individual hygroscopicity, the
observed reduction in GF is expected for the mixed systems.
It is expected because of the lower mass fraction of the most
hygroscopic component (ammonium sulfate) in these mixed
systems in comparison to pure ammonium sulfate particles of
the same dry size. Thus, the observed reduction in GF does
not indicate a dramatic suppression of ammonium sulfate hy-
groscopicity by the organic components. However, present
molecular interactions among organic components and dis-
solved ammonium sulfate may slightly affect the hygroscop-
icities of the individual components in comparison to pure
component hygroscopicities. A similar tendency had been
observed by Brooks et al. (2004) for mixtures containing HA
and AS, which exhibit a size growth prior to 80 % RH. Hy-
groscopic growth factors referring to the water uptake contri-
bution by HA in the ZSR relation are obtained from the fitted
growth curve of pure HA particles (Eq. 1). As for the humic
acid+ AS system, E-AIM predictions of the growth factors
of pure AS are used in the ZSR relation here. The result-
ing ZSR prediction agrees relatively well with the measured
hygroscopic growth of the different mixtures. Also qualita-
tively, when comparing the three mixtures, the ZSR predic-
tion reproduces the lower GF of the 3 : 1 AS:HA particles
at RH < 80 % least amount of HA and then by contrast the
higher GF for RH > 80 % due to a large water uptake contri-
bution from AS after deliquescence. Model predictions using
the E-AIM and AIOMFAC could not be performed for this
system because of the lack of knowledge about the actual
molecular structure of the humic acid samples used.

3.4 Mixed systems: ammonium sulfate+
4-hydroxybenzoic acid

Figure 6 shows the measurement and model predic-
tions for particles consisting of ammonium sulfate+ 4-
hydroxybenzoic acid with dry mass ratios of 3 : 1, 1 : 1,
3 : 1. A GF reduction from panels (a) to (c) at high rel-
ative humidity is mainly due to an increasing mass frac-
tion of 4-hydroxybenzoic acid. For example, the measured
growth factors are 1.31, 1.26, and 1.10 at 80 % RH after
full AS deliquescence for the particles containing 25 wt %,
50 wt %, and 75 wt % 4-hydroxybenzoic acid (dry mass per-
centages), respectively. Hygroscopic behavior of mixed 4-
hydroxybenzoic acid–AS particles is found to be essentially
unaffected by the presence of 4-hydroxybenzoic acid. 4-
hydroxybenzoic acid aerosol particles have no influence on
the deliquescence point of ammonium sulfate given their
low water solubility. A similar behavior was observed for
mixtures of ammonium sulfate and organics containing glu-
taric, pinonic acid, and phthalic acid with relatively low
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Figure 6. Hygroscopic growth factors of aerosol particles containing mixtures of 4-hydroxybenzoic acid with ammonium sulfate at three
different dry mass ratios. The measurements and model calculations represent particle growth during hydration experiment from 5 % to
90 % RH at 298.15 K. Measured growth factors are corrected for the Kelvin effect and are therefore shown vs. water activity. Mass ratio of
AS:4-Hydroxybenzoic acid:(a) 3 : 1, (b) 1 : 1, (c) 3 : 1.

Figure 7. Hygroscopic growth factors of 100 nm (dry diameter) particles consisting of mixtures of organic surrogate compounds with
ammonium sulfate representing particles of(a) dry and(b) wet seasonal periods in the Amazon. The measurements and model calculations
describe the particle growth during hydration experiments from 5 % to 90 % RH at 298.15 K systems. Measured growth factors are corrected
for the Kelvin effect and are therefore shown vs. water activity.
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water solubility by Cruz and Pandis (2000) and Hameri et
al. (2002). However, the GF of such particles differ from pure
AS particles due to the different basis of normalization, since
the dry diameter includes an insoluble organic phase for the
same particles class. The ZSR relation agrees very well with
the measured hygroscopic growth for mixed particles within
measurement error. A reason for this results is the use of the
fitted hygroscopic growth factors for 4-hydroxybenzoic acid
as input for the ZSR relation (Eq. 2). For the case of particles
containing AS and 4-hydroxybenzoic acid, the ideal solution
curves show a large deviation from measured GFs, partly be-
cause of the solid organic phase, but it is also obvious that
such mixtures deviate from ideal behavior. As in the case of
the binary 4-hydroxybenzoic acid+ water system (Fig. 2d),
for the mixed systems with ammonium sulfate (Fig. 6), E-
AIM model predictions are referring to a system where the
organic component remains liquid at all RH, i.e., without
consideration of a solid organic phase that is most likely
present during these hydration experiments. However, the
crystallization and dissolution of ammonium sulfate is con-
sidered by the two thermodynamic models. Hence, the sys-
tematic offset observed when comparing model results and
measurements in Fig. 6 is mainly due to incorrect model as-
sumptions for these organic–inorganic mixtures. In the case
of the AIOMFAC model prediction, a solid organic phase
is assumed, i.e., it is assumed that the organic growth fac-
tor contribution GF (4-hydroxybenzoic acid)=1.0 for the
whole RH range. The resulting particle growth prediction
is still a bit higher than the measured hygroscopic particle
growths above 80 % RH. This is largely explained by the
fact that the measurements indicate GF < 1.0 at RH≈ 80 %
and above, potentially due to particles morphology effects,
which then presents a systematic offset between measure-
ments and model prediction. Microscopical particle mor-
phology restructuring and associated size changes of solid
particles at moderate to high RH levels have been found in
other experiments too. An interesting, yet contrasting phe-
nomenon was observed by Sjogren et al. (2007). They inves-
tigated different mixtures of ammonium sulfate+ adipic acid
in the RH range from∼ 5 % to ∼ 95 % using HTDMA in-
struments and an electrodynamic balance (EDB). In addition,
Sjogren et al. (2007) studied the morphology of samples of
their mixed aerosols containing solid (insoluble) adipic acid
using scanning electron microscopy (SEM). Growth factors
indicating significant water uptake at RH below the full del-
iquescence of AS and systematic deviations from ZSR pre-
dictions observed are explained by Sjogren et al. (2007) as a
result of morphological effects, including an inverse Kelvin
effect, leading to enhanced particle growth factors due to
water uptake into cracks, veins and pores of polycrystalline
solids. In contrast, our observations indicate a shrinking of 4-
hydroxybenzoic acid containing particles with increasing RH
or at least a decrease of their mobility-equivalent diameters.

3.5 Mixtures of biomass burning organic surrogate
compounds with ammonium sulfate

Mixtures compounds consisting of levoglucosan, humic acid,
and 4-hydroxybenzoic acid, representing WSOC chemical
composition for different seasonal periods in the Amazon
region, based on the chemical characterization of both indi-
vidual compounds analysis and functional group analysis de-
ployed during the field experiment by Decesari et al. (2006)
and Rissler et al. (2006). Also, the mixtures present quanti-
tatively the average chemical structure of WSOC and can be
used as surrogates in microphysical models involving organic
aerosol particles over tropical areas affected by biomass
burning (Andreae et al., 2002; Artaxo et al., 2002; Zhu et
al., 2002; Rissler et al., 2006; Decesari et al., 2006). There-
fore, with the organic surrogate compounds (levoglucosan,
4-hydroxybenzoic acid, and humic acid) as example of neu-
tral compounds, mono/di-carboxylic acids, and polyacids, re-
spectively, it is of interest to study the interaction of water
with mixed ammonium sulfate-organics particles from these
main organic compound classes. The effects of such organic
surrogate compounds on the hygroscopic behavior of mixed
organic–inorganic particles containing also ammonium sul-
fate are measured and discussed in following. We use the rel-
ative abundances of the three model compound classes based
on the chemical composition analysis of atmospheric parti-
cles reported by Decesari et al. (2006). The chemical com-
positions of two distinct mixtures are given in Table 2. Mix-
bio-dry and mix-bio-wet are compositions typical of biomass
burning aerosols in the two different seasons (dry and wet)
in the Amazon basin near Rondônia, Brazil (Decesari et al.,
2006).

3.5.1 Water uptake of mix-bio-dry and mix-bio-wet
particles

The hygroscopic behavior of mix-bio-dry particles in terms
of GF is presented in Fig. 7a. Mixtures of organic surrogate
compounds and AS in these dry season model particles do
not show any growth below 65 % RH. However, mix-bio-dry
particles begin to take up water at 65 % RH and show steep
growth between 75 % and 80 % RH where the partial deli-
quescence of AS contributes increasingly to the water uptake
and, hence, the overall growth factor. Similar water uptake
behavior prior to full AS deliquescence has been reported
by Zardini et al. (2008) and Wu et al. (2011) for different
organic+ ammonium sulfate mixed aerosol systems. The
E-AIM model prediction for mixtures consisting of ammo-
nium sulfate+ levoglucosan with a comparable dry mass
percentage ratio of 68 wt % : 26 wt % is in relatively good
agreement with the measured growth factors above 75 % RH,
this reveals that levoglucosan, as part of the mixture of or-
ganic biomass burning organic surrogate compounds, largely
contributes to the water uptake of mixtures containing or-
ganic surrogate compounds and ammonium sulfate before
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the deliquescence of AS. The ZSR model curve is calculated
on the basis of the growth factors of the pure components: for
AS using E-AIM, for levoglucosan, 4-hydroxybenzoic acid
and humic acid using the fitted expression (Eq. 1). The ZSR
prediction tends to agree well with the water uptake investi-
gated at RH above 80 % RH, while large deviations are found
for the range between 0 % and 80 % RH, for similar reasons
as discussed for the AS+ levoglucosan systems (Fig. 3 and
related text).

The hygroscopic behavior of mix-bio-wet particles is
shown in Fig. 7b. In contrast to mix-bio-dry particles, mix-
bio-wet aerosols show little water uptake below 80 % RH.
This result is expected given the lower mass fraction of hy-
groscopic organics (e.g., only 9.2 wt % levoglucosan) in the
mix-bio-wet particles. The observed hygroscopic behavior of
mixed organic–inorganic aerosols of other HTDMA studies
on biomass burning aerosols published in the literature, e.g,
Wu et al. (2011), cannot be compared directly to our mea-
surements, because the samples and organic : inorganic ra-
tions are different. However, the work by Wu et al. (2011)
shows that other mixtures containing AS and organic acids
found in biomass burning aerosol from Brazil, show signifi-
cant water uptake at relative humidities below 80 %, similar
to our mix-bio-dry case. In addition, the E-AIM model pre-
diction for mixtures consisting of AS and levoglucosan by
mass percentage ratio of 87 wt % : 9.2 wt % is in good agree-
ment with the measured growth curve, which indicates that
levoglucosan mainly contributes to the hygroscopic behav-
ior of the organic aerosol fraction of the mixtures consisting
of biomass burning model organics and AS. Also, due to the
limited water uptake prior to AS deliquescence in the mix-
bio-wet case, the ZSR prediction results in a good description
of the measured growth curve.

To summarize, the hygroscopic growth factor of mixed
organic + ammonium sulfate particles is affected by the
presence and relative composition of organic surrogate com-
pounds from biomass burning. For example, the growth fac-
tors during humidification of mixed particles composed of
model organics and AS at 80 % RH are 1.35 for represen-
tative dry season aerosols and 1.37 for wet season aerosols.
These growth factors are lower than the GF of 1.45 for pure
AS particles, which is of course expected given the lower
hygroscopicity of the organic components and the general
finding that water uptake contributions according to Eq. (2)
usually describes a mixture’s GF quite well. The measured
GF values of our biomass burning model systems are similar
to the ones reported by Jung et al. (2011) for biomass burn-
ing aerosols sampled in Ulaanbaatar, Mongolia, for which
the GF were found to be between 1.30 and 1.35 at 80 % RH
during hydration. Effects of organic surrogate compounds on
the deliquescence behavior of AS are found with increasing
mass fraction of hygroscopic organic surrogate compounds,
particularly levoglucosan, from aerosol mixtures represent-
ing the wet and dry seasons in the Amazon basin. In the case
of dry-period aerosols with an enhanced mass fraction of or-

ganic surrogate compounds, a smoothing of the hygroscopic
growth curve is observed, likely due to the continuous water
uptake by levoglucosan and partial dissolution and additional
water uptake by ammonium sulfate. This result is similar to
the observed behavior in simple, binary mixtures of levoglu-
cosan+ AS, suggesting that 4-hydroxybenzoic acid and HA
show little to no effect on the hygroscopic behavior of mixed
particles during a hydration experiment starting at dry condi-
tions.

4 Conclusions

According to field studies reported in the literature, aerosol
particles from biomass burning events always contain a vari-
ety of inorganic and organic compounds. Different composi-
tions of these aerosol particles have a significant influence on
their physicochemical properties, in particular hygroscopic
behavior. Differences regarding aerosol number concentra-
tion and particle composition were observed for the dry and
wet seasons in the Amazon and other regions (Artaxo et al.,
2002; Decesari et al., 2006; Rissler et al., 2006). In this work,
we focused on three organic compounds (levoglucosan, 4-
hydroxybenzoic acid, and humic acid) to represent common
compound classes from biomass burning. These organics
are also representative of three different water uptake char-
acteristics. Hygroscopic growth measurement for the two-
component organic+ AS particles show that certain organic
compounds can have an important influence on the overall
particle diameter growth factor and the partial deliquescence
of AS, e.g., mixtures of levoglucosan with AS. With increas-
ing mass fraction of levoglucosan, a clear shift of the onset
of AS deliquescence to lower RH is occurring, which also
leads to an overall more smooth looking hygroscopic growth
factor curve. In contrast, 4-hydroxybenzoic acid and humic
acid show no obvious effect on the deliquescence RH of AS.
Also, due to the limited solubility of these two organic com-
pounds, the hygroscopic growth factors at RH below 95 %, as
measured, are reduced relative to that of pure AS particles.

Mixtures of organic surrogate compounds with AS, rep-
resenting atmospheric aerosols from biomass burning, were
made with chemical compositions determined on the ba-
sis of different organic and inorganic component fractions
observed for the dry and the wet period in the Amazon
basin. The most striking difference in measured hygroscopic
growth curves comparing the two seasons is due to presence
of different amounts of levoglucosan as surrogate compound,
implying that highly oxidized organic compounds like lev-
oglucosan may play an important role in controlling the hy-
groscopic behavior of atmospheric particles at RH below the
full deliquescence of inorganic salts, such as AS. Therefore,
a main advantage of using organic surrogate compounds rep-
resenting the complex WSOC fraction of biomass burning
aerosol, is their use for laboratory experiments and associ-
ated evaluation and improvement of thermodynamic mixing
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models and parameterization for the predictions of hygro-
scopic behavior and CCN activity in atmospheric models.

This work focuses on the water uptake and deliques-
cence behavior of organic compounds from biomass burn-
ing sources and their influence on the water uptake of
mixed organic-ammonium–sulfate aerosol particles. Ambi-
ent biomass burning aerosol particles may undergo humid-
ity cycles depending on the RH history of an air parcel. Hu-
midity cycles may possibly lead to solid-liquid phase transi-
tion hysteresis with distinct deliquescence and efflorescence
behavior of the organic components and organic–inorganic
mixtures. Associated changes of aerosol hygroscopicity of
mixed particles similar to the multi-component system stud-
ies in this work will be a topic of studies in the future.
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