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Abstract. Atmospheric aerosols are often mixtures of in-
organic and organic material. Organics can represent a
large fraction of the total aerosol mass and are comprised
of water-soluble and insoluble compounds. Increasing atten-
tion was paid in the last decade to the capability of mixed
inorganic/organic aerosol particles to take up water (hygro-
scopicity). We performed hygroscopicity measurements of
internally mixed particles containing ammonium sulfate and
carboxylic acids (citric, glutaric, adipic acid) in parallel with
an electrodynamic balance (EDB) and a hygroscopicity tan-
dem differential mobility analyzer (HTDMA). The organic
compounds were chosen to represent three distinct physical
states. During hygroscopicity cycles covering hydration and
dehydration measured by the EDB and the HTDMA, pure
citric acid remained always liquid, adipic acid remained al-
ways solid, while glutaric acid could be either. We show
that the hygroscopicity of mixtures of the above compounds
is well described by the Zdanovskii-Stokes-Robinson (ZSR)
relationship as long as the two-component particle is com-
pletely liquid in the ammonium sulfate/glutaric acid system;
deviations up to 10% in mass growth factor (corresponding
to deviations up to 3.5% in size growth factor) are observed
for the ammonium sulfate/citric acid 1:1 mixture at 80% RH.
We observe even more significant discrepancies compared to
what is expected from bulk thermodynamics when a solid
component is present. We explain this in terms of a com-
plex morphology resulting from the crystallization process
leading to veins, pores, and grain boundaries which allow for
water sorption in excess of bulk thermodynamic predictions
caused by the inverse Kelvin effect on concave surfaces.
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(ulrich.krieger@env.ethz.ch)

1 Introduction

Atmospheric aerosols influence the climate directly through
scattering and absorption of radiation, and indirectly through
modification of clouds properties. The climate forcing re-
sulting from these aerosol effects is still subject to large un-
certainties (IPCC, 2007). Organic material accounts for 20%
to 50% in total fine aerosol mass at continental mid-latitudes
and for as much as 90% in tropical forested areas (Kanaki-
dou et al., 2005). Organics in the condensed phase comprise
a large variety of chemical compounds (Rogge et al., 1993).
Although large uncertainty remains concerning the detailed
composition, it is established that a considerable fraction
of the organic aerosol is water-soluble, thus contributing to
aerosol hygroscopicity (Choi and Chan, 2002; Saxena et al.,
1995). Moreover, organics are typically found to be inter-
nally mixed with inorganic compounds (Middlebrook et al.,
1998; Murphy et al., 2006), and may therefore influence the
water uptake and phase changes of the inorganic aerosol frac-
tion (Saxena et al., 1995; Cruz and Pandis, 2000; Dick et al.,
2000).

Considering the complex composition of atmospheric
aerosols with thousands of different compounds,Marcolli
et al. (2004) suggested that the physical state of the organic
aerosol fraction is typically liquid (or amorphous solid). The
determination of the physical state (liquid or crystalline) and
the amount of water present in the condensed matter is cru-
cial to assess the aerosol impact on climate and atmospheric
chemistry.

Chemical interactions between the inorganic and organic
species may lead to a decrease of the deliquescence relative
humidity of the inorganic component, or even to water up-
take by the aerosol particle at any relative humidity (Braban
and Abbatt, 2004; Choi and Chan, 2002). Alternatively, a liq-
uid/liquid phase separation into a predominantly organic and
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an aqueous inorganic phase may occur without change of the
inorganic salt deliquescence relative humidity (Marcolli and
Krieger, 2006).

Moreover, mass transfer limitations between gas and par-
ticle phase play a role in water uptake kinetics, increasing the
time required by the particles to equilibrate with ambient rel-
ative humidity (Chan and Chan, 2005; Sjogren et al., 2007).
Chan and Chan(2007) found mass transfer effects in the del-
iquescence and evaporation of ammonium sulfate particles
that were heavily coated (34 wt%) with octanoic acid. We
observed slow water uptake for mixed inorganic/organic par-
ticles in HTDMA measurements and hypothesized that com-
plex morphology of mixed solid/liquid aerosol particles is
responsible for this behavior (Sjogren et al., 2007).

The method of choice often used to predict the hy-
groscopic behavior of multicomponent particles is the
Zdanovskii-Stokes-Robinson’s approach (Zdanovskii, 1948;
Stokes and Robinson, 1966). It assumes that there are no
interactions between the different components of the mixed
solution particle, and therefore the total water uptake is sim-
ply the sum of the individual uptakes by the single compo-
nents. While this method proved to be valid for many sys-
tems, discrepancies still remain for other mixtures, e.g. in-
volving pinonic acid (Cruz and Pandis, 2000), succinic acid
(Svenningsson et al., 2006), or adipic acid (Sjogren et al.,
2007, and this study).

As pointed out byFuzzi et al.(2006), despite the remark-
able advances in recent years, physicochemical properties
such as the hygroscopicity of organic particles need further
investigation and improvements of measurement techniques.

This study sheds more light on the problem by investi-
gating the hygroscopicity (in terms of the growth factor)
and morphologies (including phase changes) of mixed in-
organic/organic particles made of ammonium sulfate as in-
organic component and either citric, glutaric, or adipic acid
as organic component. These organic compounds are typ-
ically found in biomass and secondary or aged primary or-
ganic aerosols (Limbeck et al., 2001; Mochida et al., 2003;
Narukawa et al., 2003; Decesari et al., 2006). Measurements
are performed in parallel with an electrodynamic balance
and an HTDMA instrument, and results are compared with
literature data and/or bulk thermodynamics. A comparison
of the measured growth factors with the Zdanovskii-Stokes-
Robinson approach is also shown. Characteristic deviations
from ideality are identified and discussed.

2 Experiment and method

2.1 Electrodynamic balance

The basic experimental setup has been described previously
(Krieger et al., 2000). Briefly, an electrically charged parti-
cle (typically 5–25µm in radius) is levitated in an electro-
dynamic balance (Davis et al., 1990), see a schematic of the

CCD 1 CCD 2

�= 633 nm, 488 nm

PMT

Fig. 1. Schematic of the electrodynamic balance. A three-wall
glass chamber hosts four metal rings which supply the electric field
needed for particle levitation. The particle is illuminated by two
laser beams from below. The scattered light is collected in the near
and far field view by two CCD cameras, and its intensity monitored
by a photomultiplier (PMT).

setup in Fig.1. The balance is hosted within a three wall
glass chamber with a cooling agent flowing between the in-
ner walls and an insulation vacuum between the outer walls.
A constant flow (typically 30 sccm) of an N2/H2O mixture
with a controlled H2O partial pressure is pumped continu-
ously through the chamber at a constant total pressure ad-
justable between 200 and 1000 mbar.

The temperature can be varied between 330 K and 160 K
with a precision better than 0.1 K and an accuracy of±0.5 K.
The relative humidity (RH) in the chamber is set by adjust-
ing the N2/H2O ratio, using automatic mass flow controllers.
The relative humidity is registered by a capacitive thin film
sensor that is mounted in close vicinity (<10 mm) of the lev-
itated particle. The sensor was calibrated directly in the elec-
trodynamic balance using the deliquescence relative humid-
ity of different salts. Its accuracy is±1.5% RH between 10%
and 90% RH.

A single-particle generator (Hewlett-Packard 51633A ink
jet cartridge) is used to inject a liquid particle from solutions
prepared by mass percent with MilliQ water using an ana-
lytical balance and analytical grade reagents with purities of
99% or higher. Two collinear laser beams illuminate the par-
ticle from below (HeNe@633 nm, Ar+@488 nm).

To characterize the particle three different, independent
methods are employed. First, we use the video image of
the particle on CCD detector 1 and an automatic feedback
loop to adjust the DC-voltage for compensating the gravita-
tional force (Richardson, 1990). A change in DC voltage is
therefore a direct measure of the mass change, allowing to
calculate a radius change when the density of the particle is
known or can be estimated.
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Second, the two-dimensional angular scattering pattern is
recorded with CCD detector 2 by measuring the elastically
scattered light from both lasers over observation angles rang-
ing from 78◦ to 101◦. If the particle is liquid, and therefore
of spherical shape, the scattering pattern is regular, with the
mean distance between fringes being a good measure of the
radius of the particle, almost independent of its refractive in-
dex (Davis and Periasamy, 1985).

Third, we use a photomultiplier with a relatively small
conical detection angle (approximately 0.2◦ half angle) to
measure the scattering intensity at 90◦ to the incident beam,
and feeding this signal to an analog lock-in amplifier (Stan-
ford Research System model SR510) to measure the inten-
sity fluctuations at the frequency of the AC field of the elec-
trodynamic trap (with a 10 Hz ENBW). This yields the root
mean squared deviation (RMSD) from the intensity mean of
the scattered intensity, which can be associated with the par-
ticle morphology: low values (ca. 0.03µV up to 0.09µV)
for spherical homogeneous particles and high values (greater
than 0.2µV, up to 10 V) for particles with a distinct crys-
talline shape. Mixed phase particles or solid particles with an
almost spherical shape lead to values in between (seeVideen,
1997, andKrieger and Braun, 2001, for details).

2.2 Hygroscopicity Tandem Differential Mobility Analyzer

The HTDMA was used to determine the hygroscopic growth,
i.e. the change of aerosol particles diameter due to the uptake
of water. The experimental set up has been fully described
before (Weingartner et al., 2002; Gysel et al., 2004; Sjogren
et al., 2007). The compounds were dissolved in MilliQ wa-
ter (typically 0.1–1 g/L) and all solute appeared completely
dissolved at visual inspection. The particles were generated
using an atomizer (TSI 3076) operated with purified com-
pressed air. It is assumed that the resulting aerosol was inter-
nally mixed with the same mass ratio as in the solution as no
broadening of the growth factor distributions from the HT-
DMA could be detected while switching from the pure am-
monium sulfate to the mixtures. The particles first entered
a silica gel diffusion dryer (flow rate: 300 sccm) in order to
dry the sample to RH<10% at 298 K. The dry aerosol is sub-
sequently brought to charge equilibrium using a bipolar dif-
fusion charger (85 Kr) and then fed into the first differential
mobility analyzer (DMA), where a narrow size cut of the dry
aerosol (D0=100 nm) is selected. The particle diameter re-
sulting after equilibration at a well defined higher RH (20 to
25 s residence time) is then measured using a second DMA
and a condensation particle counter (CPC; TSI CPC 3022A).
The exactD0 is determined by keeping the particles exposed
to dry conditions (RH≤10%), in which case no size change
occurs. With this apparatus, hygroscopic growth of particles
with diameters between 20 and 250 nm can be determined
in the temperature range of 253–303 K and humidity range
of 10% to 95% RH with an accuracy of1T =±0.1 K and
1RH=±1.5% at 95% RH. The hygroscopic growth factor is

determined with a precision of±0.01 (atD0) and±0.03 (at
RH=80%) (Sjogren et al., 2007).

Since the initial particle size selected with the HTDMA is
D=100 nm, the Kelvin effect plays a role in limiting the wa-
ter uptake due to high curvature of smaller droplets. For so-
lution droplets with surface tension of pure water the growth
factors measured with the HTDMA are therefore expected to
be 1–2% lower than those calulated with the EDB and bulk
samples. No correction for this effect was applied.

2.3 Method

During our measurements, particles are exposed to hygro-
scopicity cycles with relative humidities increasing from
RH≈10% to RH≈85% and again decreasing (at a typical rate
dRH/dt≈10%/h for the EDB), while pressure and tempera-
ture are kept constant atT ≈291 K andP≈600 torr for the
EDB, T ≈292 K and atmospheric pressure for the HTDMA.

Particle mass (for the EDB) and mobility diameter (for the
HTDMA) are monitored and the results are presented in so-
called humidograms, where the mass growth factorg is plot-
ted versus RH. In order to do so, the size change measured
with the HTDMA is converted to a mass change via

g(RH)=
m(RH)

m0
=1+(G3(RH)−1)

ρw

ρ0
, (1)

wherem(RH) is the mass of the particle depending on rel-
ative humidity,m0 andρ0 are the initial particle mass and
density at dry conditions,ρw is the density of water, and
G=D/D0 is the size growth factor. This equation assumes
that the density of the sample is linearly dependent on the
volume mixing ratio of the solute and the absorbed water
(i.e. that the volume occupied by a single solute molecule
is independent from the presence of the water molecules).
It is further assumed that the measured mobility diameter is
equal to the volume equivalent diameter, which is the case for
a droplet with elevated water content, but might not be ful-
filled for non-spherical dry particles due to dynamic shape
factors being different from 1.0. As no significant deviations
from sphericity at dry conditions were observed, the use of
the above equation is justified.

The EDB technique measures relative mass changes as ex-
plained in the experimental section. Therefore, it is neces-
sary to identify a reference state to calculate the mass growth
factor. One option can be the choice of the voltage at very
dry conditions, typically RH=10%, as normalizing factor, in
which caseg(10%)=1. However, it is often difficult to assure
that at a low RH the particle is completely free of water (Peng
et al., 2001). In the present work, following previous hygro-
scopicity studies (e.g.Choi and Chan, 2002), we measured
the water activity of the compounds listed in Table1 and
their mixtures in various concentrations using the AquaLab
water activity meter (Model 3TE, Decagon Devices). The
EDB voltage was then normalized to match the bulk data at
RH≈80%.

www.atmos-chem-phys.net/8/5589/2008/ Atmos. Chem. Phys., 8, 5589–5601, 2008



5592 A. A. Zardini et al.: Hygroscopicity study of inorganic/organic particles

Table 1. Substances used in the experiments. References:a Lide et al.(2004), b Saxena et al.(1996), c Bilde et al.(2003).

Substances Purity ρ M Solubility Vapor pressure Producer Product no.
103 kg m−3 10−3 kg mol−1 g/100 g of H2O Pa

Ammonium Sulfate 99.99% 1.77 132.14 76.4a – Aldrich 431540

Citric Acid ≥99.5% 1.665 192.027 162b 2.3×10−9b
Fluka 27488

Glutaric Acid 99% 1.424 132.12 116b 6.1−7.7×10−4c
Aldrich U05447-124

Adipic Acid ≥99.5% 1.362 146.14 2.5b 9.8×10−6c
Fluka 09582

For two-component particles as the ones studied in
this paper, the Zdanovskii-Stokes-Robinson (ZSR) relation
(Zdanovskii, 1948; Stokes and Robinson, 1966) can be sim-
ply written as:

g(RH)=g1(RH)w1+g2(RH)w2, (2)

whereg is the total mass growth factor of the two-component
particle as a function of relative humidity,g1 is the ammo-
nium sulfate mass growth factor calculated with the thermo-
dynamic model proposed byClegg et al.(1998) (available
at http://mae.ucdavis.edu/wexler/aim.htm/), g2 is the mass
growth factor of pure organic particles measured with the
EDB, andw1 andw2 are the mass fractions of the two com-
ponents in the dry particle. The ZSR relation assumes inde-
pendent (i.e. linearly additive) hygroscopic behavior of the
different components in the mixed particle.

3 Results

3.1 Ammonium Sulfate and Citric Acid (AS/CA)

Hygroscopicity measurements of particles made of pure am-
monium sulfate, pure citric acid, and mixtures of the two with
different mixing ratios (AS:CA=4:1, 2:1, 1:1 molar ratios)
are performed with the EDB and HTDMA. The results are
compared with literature, bulk data and ZSR predictions in
Fig. 2.

The uppermost panel shows the humidogram of pure am-
monium sulfate particles at ambient temperature. The hy-
groscopicity of a pure ammonium sulfate particle is well
known: solid ammonium sulfate exposed to increasing RH
initially does not take up water until it exhibits discontinuity
at RH≈80%, the thermodynamically determined deliques-
cence relative humidity (DRH), where the crystalline to liq-
uid phase transition occurs. After deliquescence, the particle
takes up or releases water gradually upon RH changes with-
out undergoing a phase change at the DRH. Rather, it remains
in a supersaturated metastable state at intermediate RH and
recrystallizes only at relative humidities below RH=35%–
40%. The latter is termed efflorescence relative humidity
(ERH), although it is kinetically determined, depending on a
nucleation event, and therefore not corresponding to a fixed

value. The measured growth factors are in agreement with
the thermodynamic model byClegg et al.(1998) (see Fig.2).

In contrast, pure citric acid particles are always in liquid
state during our experiments as shown in the lowermost panel
of Fig. 2: they take up or release water gradually without
phase changes in the whole range of relative humidities stud-
ied here. Note that citric acid apparently retains some water
even at low RH (g>1 for RH≈10%). EDB and HTDMA
measurements of this study are in reasonable agreement with
EDB and bulk measurements of previous studies (Levien,
1955; Apelblat et al., 1995; Peng et al., 2001). The same be-
havior for pure citric acid was also observed byJoutsensaari
et al.(2001) using an HTDMA technique.

Our pure citric acid cycles measured with the EDB to-
gether with bulk points were fitted to obtain the follow-
ing parameterization for the growth factor (orange dashed
line in lowermost panel of Fig.2): g2(RH)=1+9.28763/
(100−RH)−9.28763/100+0.00368×RH for RH between 0%
and 90%. This formula is used in Eq. (2) to calculate the ZSR
predictions for the mixtures.

In the AS:CA=4:1 case, panel (b) of Fig.2, the particles
start to take up water well before the full deliquescence of
AS at RH≈80%. After passing the 80% RH, the particles are
in fully liquid state and absorb or desorb water according to
RH changes until AS effloresces at ERH around 35% (HT-
DMA) or 38% (EDB). The orange dashed line results from
the ZSR calculations as in Eq. (2), assuming full dissolution
of the components for the dehydration branch, and no disso-
lution of AS up to its deliquescence point for the hydration
branch. This underestimates the measured water uptake dur-
ing hydration above 72% RH, indicating that in fact also AS
starts dissolving before full deliquescence and takes up some
water. For the dehydration branch, results from both tech-
niques, EDB and HTDMA, are in agreement with the ZSR
prediction (within 10%).

Panel (c) of Fig.2 shows the hygroscopicity cycle of
AS/CA particles, 2:1 mixture. Here the measurements from
EDB and HTDMA differ: the single particle in the EDB
exhibits clearly separated hydration/dehydration branches,
while the HTDMA does not. After injection of the parti-
cle into the EDB, a solid inclusion forms and dissolves com-
pletely at RH≈76% during moistening. The water uptake
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Fig. 2. Hygroscopicity cycles of pure ammonium sulfate (AS) and
citric acid (CA) particles – panel (a) and (e), and mixtures of AS
and CA with different molar ratios – 4:1, 2:1, 1:1, from panel (b)
to panel (d). Pure AS exhibits hysteresis with distinct deliques-
cence and efflorescence at RH≈80% and RH=35%–40%. Pure
CA particles, instead, are always liquid and absorb and desorb wa-
ter according to RH changes at any given RH. In the 4:1 case the
water uptake becomes apparent at RH≈60%, the DRH and ERH
are slightly decreased (2% and 3%, respectively) compared to the
pure AS case. The 2:1 case exhibits different behavior for parti-
cles in HTDMA (always liquid) and the particle freshly injected at
dry conditions in the EDB (solid AS present at dry conditions dur-
ing hydration) with bulk points very close to the hydration branch
of EDB measurements. In the 1:1 mixture the presence of CA in
the 1:1 mixture suppresses the hysteresis of AS in both EDB and
HTDMA cycles, and particles are always in liquid state.
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Fig. 3. Time evolution of the hygroscopicity cycle of a single
AS/CA particle with 2:1 molar ratio in the EDB. The uppermost
panel shows the RMSD of scattered light indicating AS deliques-
cence att≈20 ks. Thereafter, the particle remains liquid without
AS efflorescence reoccurring. The middle panel shows the radius
calculated by means of the Mie phase functions (as explained in
the experimental section). When the particle is not a homogeneous
sphere (t≤20 ks), the phase function allows to derive only a coarse
estimate. The lowermost panel was used to construct the humido-
gram in Fig.2, panel (c).

before full dissolution is consistent with the measured wa-
ter activity of the correspondent bulk solution and indicate
the capability of a hydrophylic organic to lower the deliques-
cence point of ammonium sulfate. Upon subsequent drying
the particle remains liquid and it cannot be forced to efflo-
resce even at RH as low as 10%.

The presence of a solid inclusion, its deliquescence and
the absence of efflorescence are confirmed by the light fluc-
tuation and radius signals in the uppermost and middle pan-
els of Fig.3: at the beginning of the hygroscopicity cycle
the RMSD datapoints are typical of a liquid particle with a
solid inclusion and decrease to values typical of a homoge-
neous, spherical particle (i.e. liquid) att=20 ks. Also, the
algorithm for calculating the particle radius works properly
aftert=20 ks, providing indirect evidence for spherical shape
with a homogeneous particle phase. Nevertheless, even be-
fore t=20 ks the radius datapoints provide a rough estimate
of the radius (increasing monotoneously fromr≈4.2µm at
t=0 s tor≈4.6µm at t=20 ks), indicating an almost spheri-
cal, but non-homogeneous particle taking up water with in-
creasing RH.

The physical reason for partial efflorescence only occur-
ring at initial particle injection into the trap is not clear. The
crystallization must be attributed to the ammonium sulfate
fraction (since citric acid is always in liquid state in our ex-
periments) and it could be a consequence of the precipitous
evaporation experienced by the particle immediately after in-
jection into the EDB. In fact, the liquid droplet of about
50µm diameter produced by the injection device shrinks
suddenly (few ms) to the particle size in thermodynamic
equilibrium (radius≈5µm) with ambient conditions. The
fast evaporation must induce a cooling of the particle and
a strong, rapidly changing concentration gradient within the
particle which in turn could be responsible for the AS crys-
tallization. The reproducibility of partial efflorescence of the
particle upon injection but not in subsequent hygroscopicity
cycles was tested and confirmed by several injections in the
EDB. The particles in the HTDMA, instead, are always liq-
uid and gradually absorb or desorb water at any given RH.

Panel (d) of Fig.2 shows the hygroscopicity cycle of
AS/CA, 1:1 molar ratio. No efflorescence/deliquescence oc-
currence is detected with either technique, i.e. the particles
remain liquid and gradually absorb/desorb water. EDB and
HTDMA measurements well agree with literature data, while
they deviate from the ZSR curve up to 10% (3.5% if the hy-
groscopicity is described by the size growth factor).

To summarize, the hygroscopicity of the two-component
system ammonium sulfate/citric acid is characterized by a
distinct, reduced, and completely absent hysteresis when de-
creasing the molar mixing ratio from 4:1 via 2:1 to 1:1. In
the 2:1 case both DRH and ERH are reduced, the ERH po-
tentially to such an extent that crystallization does not oc-
cur at the lowest RH reached in the HTDMA and the EDB,
but only occurs for initial particle injection into the EDB.
For the dehydration branches of the fully liquid particles, the
mass growth factors observed in the EDB and HTDMA mea-
surements are in good agreement with each other and bulk
data but up to 10% (3.5% of the size growth factor) lower
than predicted by the ZSR approach. This deviation is above
the experimental error and indicates specific interactions be-
tween AS and CA such as complexation of the sulfate ions
by the carboxylic groups of citric acid. For the hydration
branches, the ZSR approach assuming no dissolution of AS
before full deliquescence underestimates the observed water
uptake at RH above 72%, 50% and 40% for the 4:1, 2:1 and
1:1 mixtures, respectively, indicating that AS dissolves par-
tially in aqueous citric acid.

3.2 Ammonium Sulfate and Glutaric Acid (AS/GA)

Hygroscopicity cycles of pure glutaric acid and mixed am-
monium sulfate/glutaric acid (AS:GA=1:1 molar ratio) par-
ticles were performed with the EDB. HTDMA cycles were
also measured, but they are not shown because no reliable re-
sults could be achieved due to substantial evaporative shrink-
ing of the particles within the instrument. Such evaporation
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Fig. 4. Hygroscopicity cycles of pure GA particles (cycle
time≈19 h). GA exhibits hysteresis with distinct DRH and ERH.
Literature HTDMA data do not fit the bulk data, but show a lower
hydration branch likely due to evaporation of the particle during
measurements as already noted by Cruz and Pandis (2000).

artifacts in HTDMA instruments have previously been re-
ported byPrenni et al.(2003), as well asCruz and Pandis
(2000) for submicrometer size glutaric acid particles.

Pure glutaric acid exhibits hysteresis with distinct deli-
quescence and efflorescence as shown in Fig.4. In this
study we find DRH≈90% at 291 K. The DRH of glutaric
acid has been determined by several groups:Brooks et al.
(2002): DRH=87.5%; Wise et al. (2003): DRH=88.9%;
Marcolli et al. (2004) DRH=88.2% (all bulk measurements
at 298 K).Pant et al.(2004) found DRH≈89% at 293 K by
using a reflected-light microscope technique.Parsons et al.
(2004) used also a microscope technique to study the tem-
perature dependence of DRH for several dicarboxylic acids.
Unlike ammonium sulfate, the solubility of glutaric acid is
strongly temperature dependent. Their parametrization of
glutaric acid DRH with temperature agrees within error with
all the bulk measurements reported and also with the value
for glutaric acid corresponding to our experimental temper-
ature. HTDMA data fromCruz and Pandis(2000) strongly
underestimate the amount of water uptake at deliquescence
(DRH≈85%). In addition, a size decrease at RH≈50% pos-
sibly caused by structural rearrangements inside the particle
or shrinking due to evaporation was observed. The DRH
determined with EDB at 298 K byPeng et al.(2001) is
83%≤DRH≤85%, about 3 to 5% lower than what has been
observed in the bulk. Possible reasons for this lower value
might be the presence of soluble impurities in the glutaric
acid used for their experiment or the polymorphism of glu-
taric acid: this substance exists in an alpha and a beta form,
stable at temperatures above and below 336 K (Ling and
Chan, 2008), respectively. During hygroscopicity cycles of
AS/GA particles levitated in the EDB,Ling and Chan(2008)

Fig. 5. Consecutive hygroscopicity cycles of a pure GA particle in
the EDB. Inset: zoom on ERH showing that crystallization of GA
has a low degree of reproducibility (in contrast to AS), ranging from
gradual water release to a sharp efflorescence. This can lead to the
presence of water also at very dry conditions.

observed first the formation of the alpha form (metastable at
room temperature) followed by the transformation into the
beta form (stable at room temperature) over a timescale of
hours when the particle was held at 60% RH. If for faster hy-
groscopicity cycles and pure GA particles this phase transfor-
mation does not occur, the alpha form might deliquesce di-
rectly. Deliquescence of the alpha form will occur at a lower
RH than for the beta form because the stability of the alpha
form is lower and its solubility higher. In our EDB experi-
ments, RH was changed at a rate of typically 10%/h, giving
the particle enough time to transform into the beta form be-
fore DRH was reached.

In contrast, the efflorescence behavior is characterized by
a low degree of reproducibility. The EDB cycles in Fig.4,
indicate efflorescence at RH≈43% (this study) and between
29% and 33% (Peng et al., 2001). However, during consec-
utive cycles that we performed with another particle shown
in Fig. 5, efflorescence occurred at RH between 25% and
35% as a multi-step process, with a first mass decrease and
a subsequent gradual water release (red and green curves),
or as a gradual water release (black curve). In contrast, the
analysis of scattered light fluctuations reveals that the phase
change from liquid to solid is a well defined efflorescence:
during each cycle the particle solidifies at a well defined RH
as indicated in Fig.6, where the experimental raw data cor-
responding to the black curve in Fig.5 are plotted. It is ev-
ident from the RMSD data (uppermost panel) that the par-
ticle undergoes two phase changes, one from solid to liq-
uid at t≈32 ks (RH≈90.5%), and one from liquid to solid at
t≈55 ks (RH≈18%). This reveals the physicochemical be-
havior of glutaric acid to be very complex and more than one
experimental technique has to be invoked to fully character-
ize it.
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Fig. 6. Hygroscopicity cycle of a pure GA particle in the EDB.
The light intensity fluctuations in the uppermost panel show a clear
deliquescence (t≈32 ks, RH≈90.5%) and efflorescence (t≈55 ks,
RH≈18%), proving that the particle changes its phase from liquid
to crystalline with no evident mass change (lowermost panel). The
optical radius evolution is plotted in the middle panel and is an in-
direct indication of a liquid particle in the region 32 ks≤t≤55 ks.
The lowermost panel was used to construct the humidogram in
Fig. 5, black curve, where no efflorescence would have been de-
tected solely based on mass measurements.

Figure7 shows a complete hygroscopicity cycle of an am-
monium sulfate/glutaric acid particle with 1:1 molar ratio of
the mixture together with results from literature. The par-
ticle is completely crystalline and does not take up water
until it fully deliquesces at DRH≈77.5%, while the efflo-
rescence occurs at ERH≈32%. The scattered ERH shown
in Fig. 5 for different hygroscopicity cycles does not occur
when AS is present together with GA. The molar ratio chosen
is very close to the eutonic composition of the ammonium
sulfate/glutaric acid solution (seePant et al., 2004), thus re-
sulting in a single step and well defined deliquescence. Our
work and that fromChoi and Chan(2002) show a lower wa-
ter uptake than ZSR predictions in the metastable region at
dry conditions, while the growth factor at DRH matches the
ZSR curve perfectly.Pant et al.(2004) investigated in detail
the DRH and ERH occurrence for the AS/GA system. For the
AS:GA=1:1 mixture they found DRH≈78% and ERH≈28%,

Fig. 7. Hygroscopicity cycle of AS/GA particles, 1:1 molar ratio.
DRH and ERH points are lower compared to pure AS by 3% and
8%, respectively. DRH is lower than both deliquescence of pure AS
and pure GA. ERH of GA is now triggered by the presence of AS.

while DRH=76.7% was observed in bulk measurements by
Wise et al.(2003). In recent EDB studies of 1:1 AS/GA
mixtures,Ling and Chan(2008) observed deliquescence at
78–80%RH and efflorescence at 31–36%RH, whileLee et
al. (2008) observed DRH at 80.9% for the first deliquescence
of the particle and at slightly lower values for subsequent hy-
groscopicity cycles, and efflorescence at RH≈40%. These
results are in good agreement with ours.

3.3 Ammonium Sulfate and Adipic Acid (AS/AA)

Pure adipic acid particles remain crystalline and do not deli-
quesce at relative humidities up to 99%, therefore adipic acid
is generally regarded as an inert aerosol component (Sjogren
et al., 2007; Hameri et al., 2002). We already presented hy-
groscopic measurements of mixed ammonium sulfate/adipic
acid particles inSjogren et al.(2007). In that study the kinet-
ics and morphology of the system was investigated: we pro-
posed that adipic acid, when present in major fractions stays
always in solid state, as verified with light fluctuation mea-
surements in the EDB, encapsulating some of the inorganic
species residing in the crystalline organic veins and pores.

The water uptake rate of the inorganic solution is then
probably limited by solid phase diffusion (water through
solid adipic acid). The conclusion was that sufficient resi-
dence time in the HTDMA is required for such systems to
equilibrate, or measurements will be misleading.

Here we report on two cases of mixed AS/AA particles
consisting mostly of ammonium sulfate (AS:AA=2:1.1, mo-
lar ratio) or adipic acid (AS:AA=1:3.3, molar ratio), see
Fig. 8. The 2:1.1 case (upper panel) resembles the behavior
of pure ammonium sulfate of Fig.2, uppermost panel, except
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Fig. 8. Hygroscopicity cycles of AS/AA particles in the EDB; 2:1.1
molar ratio (upper panel) and 1:3.3 molar ratio (lower panel). The
2:1.1 case resembles the pure AS behavior, while there are modified
hydration and dehydration branches in the 1:3.3 case which strongly
differ from ZSR predictions. Non-monotonous mass changes must
be due to structural changes (particle compaction) occurring during
water uptake.

for the lower growth factors in the dehydration branch due
to the presence of the inert adipic acid, in agreement with
ZSR predictions. However, in the 1:3.3 case (lower panel)
the hygroscopic cycle strongly differs from the ZSR predic-
tion in both hydration and dehydration branches of the EDB
measurements. A pre-deliquescence water uptake starting at
RH≈45% is followed by full deliquescence of ammonium
sulfate at RH≈80%. Upon dehydration, more water than pre-
dicted by the ZSR approach is retained by the particle until
the efflorescence of ammonium sulfate occurs at RH≈35%.
The pre-deliquescence water uptake is not detected by the
HTDMA (blue triangles in lower panel of Fig.8), indicating
no change in total particle volume and suggesting that the
water must be taken up in the complex particle inner struc-
ture as a consequence of Kelvin effect on concave surfaces.
In particular, the dark yellow curve in the lower panel in-
dicates a pre-deliquescence water uptake which is followed

Fig. 9. Two incomplete consecutive cycles of an AS/AA particle,
1:3.3 molar ratio. Light intensity fluctuations (orange symbols) are
in phase opposition with the mass and ambient RH (black and red
curves, respectively), indicating that the pre-deliquescence water
uptake described in the lower panel of Fig.8 is reversible.

by a water loss despite growing RH – presumably due to
the collapse of some pores and veins after partial dissolution
of ammonium sulfate leading to larger pore diameters and
a decreased Kelvin effect. This morphology change would
cause part of the water taken up during pre-deliquescence to
be released again by the particle. Consecutive cycles made
on several particles reproducibly show such a complex pre-
deliquescence behavior of varying magnitude with water up-
takes of 3–19% in mass starting at RH between 43% and
53%. Table2 summarizes the EDB measurements for the
AS:AA=1:3.3 system.

We think that the reproducibly varying pre-deliquescence
and deliquescence are a consequence of the complex mor-
phology of the adipic acid matrix possessing veins and pores
that enhance water uptake and enclosures that reduce it.
Also, the RH at full deliquescence, which shows a variabil-
ity slightly above the measurement error, may be influenced
by the particle morphology (see detailed explanation in the
discussion section). None of the other investigated particles
displays such a behavior.

We investigated whether the pre-deliquescence is a re-
versible process with respect to relative humidity changes.
Figure 9 shows the temporal evolution of two consecutive
incomplete cycles where RH, starting from less than 10%, is
increased to 70% and then lowered again to reach very dry
ambient conditions. The scattered light intensity fluctuations
(RMSD, orange symbols) are in opposite phase with the mass
changes, indicating that the shape of the particle is getting
more spherical while mass and RH are increasing (black and
red curves). RMSD values are typical of crystalline particles
during the whole experiment. This is consistent with a wa-
ter uptake which fills the pores of the solid particle because
of the Kelvin effect on concave surfaces, conferring a more
spherical shape and possibly a more homogeneous refractive
index. By decreasing the relative humidity, the water evapo-
rates, pores and cavities are depleted of water and the particle
turns back to a more irregular crystalline shape. The process
is hence reversible with respect to relative humidity changes.
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Table 2. Summary of the hygroscopicity cycles for the AS:AA=1:3 system (interval extremes and averaged values for 25 cycles and
9 different particles): relative humidity of the pre-deliquescence onset and maximum, RH0 and RHm; mass growth factor at the maximum of
pre-deliquescence,g(RHm); DRH; growth factor at DRH,g(DRH); efflorescence of ammonium sulfate, ERH.

RH0 RHm g(RHm) DRH g(DRH) ERH

43–53%, 48.1% 52–65%, 58% 1.03–1.19, 1.10 78–83%, 80.5% 1.16–1.45, 1.37 33–69%, 53%

4 Discussion

We have studied three two-component inorganic/organic sys-
tems representing three distinct physical states that also occur
in atmospheric aerosols:

– liquid particles;

– liquid/solid particles;

– solid particles.

In this study liquid particles appeared to remain always
homogeneously mixed (i.e. liquid-liquid phase separations
were not observed). The EDB experiments indicate that
mixed phase particles, with liquid and solid phases, contain
a conglomerate of nanocrystals with irregular shapes, with
cracks, pores and veins. These pores and veins between the
crystals fill with aqueous solution, depending on relative hu-
midity. The water uptake in such pores and veins is enhanced
compared to the one of a flat surface or the convex parti-
cle surface (Camuffo, 1998). As we argued inSjogren et al.
(2007), the enhancement depends on the vein diameter, de-
termining the concavity of the liquid surface at the opening
of the vein, and results in a Kelvin effect that is inverse com-
pared to that of a convex liquid droplet.

The ambient relative humidity in equilibrium with a mi-
cropore of radiusr filled with aqueous solution has been cal-
culated by Thomson, later Lord Kelvin (Thomson, 1871):

RH(r)=awexp

(
−

2σVm

rRT

)
, (3)

whereaw is the water activity (required when applying the
equation to aqueous solutions),σ is the surface tension of
the solution,Vm is the molar volume of water andR the gas
constant. The same effect may lead to water uptake prior to
deliquescence also for solid particles consisting of conglom-
erates of nanocrystals. Below, we will discuss the hygroscop-
icity of the different phase states for the systems investigated
in this study.

4.1 Liquid

When the organic and inorganic components of the particle
are both in liquid state, the hygroscopicity is in many cases

adequately explained by the ZSR approach (see AS/GA sys-
tem of this study or examples fromChoi and Chan, 2002,
and Marcolli and Krieger, 2006). However, the ZSR ap-
proach becomes inaccurate when specific interactions oc-
cur between the components. AS/CA mixtures exemplify a
system where the water content derived from the ZSR ap-
proach is too high compared with the measurements. The
observed discrepancies increase with increasing organic con-
tent and equal∼10% for the 1:1 mixture. We speculate that
in this case complexation of the sulfate ions by the carboxyl
groups of citric acid might be the reason for the reduced
water uptake. Nevertheless, the ZSR approach seems to be
a reasonable first guess for the water uptake of mixed or-
ganic/inorganic liquid particles when no further information
about interactions between the components of the mixed sys-
tems are available.

4.2 Solid/liquid

For the mixed phase cases of AS:CA=4:1 and AS:CA=2:1
(see Fig.2, hydration branches), with AS being the solid
phase, we do not know the detailed composition of the solu-
tion in the particle during the hydration before the deliques-
cence of AS. Hence, the ZSR approach can not be applied
without further assumptions. Application of ZSR with the
assumption that AS is present as an inert mass before it deli-
quesces (being CA the only responsible for water uptake) un-
derestimates the observed water uptake for AS/CA mixtures
in the region right below 80% RH. We therefore conclude
that AS must be partially dissolved in aqueous citric acid and
contributes to water uptake. For the AS:CA 2:1 case, the wa-
ter uptake before full deliquescence as observed in the EDB
is in agreement with bulk data, indicating that morphology
effects are minor in this system. In a similar study,Marcolli
and Krieger(2006) observed higher water uptake than the
bulk measurements for the system AS/PEG400 (solid AS,
liquid organic).

The system AS:AA=1:3.3 can be regarded as an extreme
case showing discrepancies from ZSR predictions both in
the hydration and dehydration branches. In the dehydration
branch (solid AA, liquid AS) more water is present than ex-
pected by the ZSR predictions. We already explored the pos-
sibility that this higher water uptake is due to morphological
effects inSjogren et al.(2007): The Kelvin effect leads to
enhanced water uptake during and after full deliquescence.
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During this process the veins and cavities swell to accom-
modate the excess water leading to a gradual decrease of the
Kelvin effect. Depending on the morphology of the individ-
ual particle a part of AS may be enclosed in the AA matrix.
This part is only accessible to hygroscopic growth by solid
state diffusion of water through the AA matrix. In our ex-
periments enclosed AS will lead to a smaller growth factor
compared to the one expected from thermodynamics. There-
fore, morphology effects may lead to an enhanced or reduced
water uptake. This may also explain the scatter of growth
factors shown in Table2.

Upon drying the swollen veins start shrinking and water
is released by the particle until the mechanical resistance
against further shrinkage leads to the cavities depletion be-
cause the Kelvin effect can no longer be sustained; the mass
growth factor decreases to values closer to the one of the
ZSR prediction at this RH. Efflorescence may occur by het-
erogeneous nucleation on the surface of AA at any RH be-
low DRH, either in a series of small steps, or in one or few
bigger decreases in mass growth factor as indicated in Ta-
ble2. So far, this interpretation is based on indirect evidence.
There are no direct experimental observations of the postu-
lated complex dynamics such as swelling and collapsing of
particle veins. Measurement techniques with high spatial res-
olution – in the order of nanometers – are needed to confirm
the presence and the postulated development of vein systems
in AS/AA particles as a function of RH.

4.3 Solid

The solid/solid case is realized for the AS/GA system, which
shows no water uptake before deliquescence. In contrast, the
hydration branch of the AS:AA=1:3.3 mixture exhibits a pre-
deliquescence water uptake below the DRH of an AS/AA
mixture in the eutonic composition. We attribute this process
to morphology effects. In short, there is evidence that the
particle behaves like a sponge with partly elastic and partly
inelastic properties, taking up the water in various degrees of
reversibility. The subsequent paragraphs provide some rough
quantitative estimates illuminating the nature of these parti-
cles.

For an average RH≈53% between the onset and the max-
imum of the pre-deliquescence, Eq. (3) yields a vein ra-
dius of r=2.6 nm, if we use forσ the value of pure wa-
ter (σ=72.2 Jm−2 at T =290 K), and when we assume that
aw=0.8 for a solution inside the veins. A value ofaw=0.8
corresponds to the water activity of bulk aqueous AS in equi-
librium with the crystalline phase, below this value no disso-
lution is expected. The average growth factor prior to del-
iquescence isg≈1.1 as shown in Table2. The total vein
length follows simply from the formula for a cylindrical vol-
ume and from the density definition:
lv=mv/(ρvπr2

v ),
wheremv is the mass andρv is the density of the aqueous

solution in the vein taken fromSemmler et al.(2006).

The optical radius of the particle in the EDB can not be
exactly calculated for this particular system because the par-
ticle is always non-spherical. Nevertheless, a rough estimate
of r≈3µm can be inferred from the spread radius datapoints
like those shown in the middle panel of Fig.3 before del-
iquescence. The particle density averaged from the densi-
ties of crystalline AS and AA isρ=1.464 g/cm3; the absolute
mass of the particle and hence of the water uptake, can then
easily be calculated considering the 10% relative mass in-
crease estimate. The assumption that the veins are filled with
a saturated AS solution results in a vein length oflv=110 cm
which, compared with a 3µm particle size, has to be taken
as evidence for a highly porous morphology of the particle
required to accommodate the water.

Following Price (2000), we model the conglomerates of
nanocrystals as consisting of grains of semiregular truncated
octahedra of diameter (between square faces)D. The vol-
ume of a grain isD3/2; the grain has 36 edges, each of
length

√
2D/4 and shared with three other grains. The total

fractional volume (f ) in veins is thenf =(6π
√

2)(rvein/D)2.
The fractional volume is calculated by dividing the fractional
mass of the aqueous solution by its density. A mass growth
factor of 1.1 as observed corresponds to a fractional volume
of a saturated aqueous AS solution of 0.16. This yields a
grain diameter of 34 nm for veins with 2.6 nm radius. This
compares well with grain sizes observed in SEM images of
dry AS/AA mixtures (Sjogren et al., 2007).

The thermodynamics of the AS/AA system together with
the morphology described above leads to a consistent view
of the hygroscopic cycles as shown in Fig.8 and Table2.
During moistening, the particle takes up water into the veins
at about 53% RH, without changing the vein size. Subse-
quently, the vein system may partly collapse leading to wa-
ter release. At the deliquescence RH the AS dissolves and
the veins swell. In comparison to ZSR predictions the wa-
ter uptake is enhanced, depending on the radius of the veins.
This effect becomes smaller the more water is taken up at
higher RH. A decreased water uptake compared to ZSR is
observed when a fraction of the AS is completely enclosed
in the AA matrix. Upon drying water is released and the vein
radii shrink again leading to a stronger Kelvin effect. This re-
sults in an increasing deviation from the ZSR prediction for
the metastable aqueous solution. AS appears to effloresce at
any given RH below the DRH either in small compartments
of the AA matrix separately leading to a series of small steps
in the humidogram, or in one larger step if the veins are in-
terconnected.

5 Conclusions

This combined study aimed at shedding more light on the
thermodynamic characterization of mixed inorganic/organic
aerosol particles by means of two widely used techniques:
the electrodynamic balance and the hygroscopicity tandem
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differential mobility analyzer. We focused on three organic
acids of atmospheric relevance (citric, glutaric and adipic
acid) in mixtures with an inorganic salt (ammonium sulfate).
These organics are representative of three different water up-
take characteristics. When the two-component particles are
fully liquid, the Zdanovskii-Stokes-Robinson relation pre-
dicts the water uptake adequately in general. However, there
exist exceptions to this rule when specific interactions occur
between the organic and inorganic components as seems to
be the case for the AS/CA system. Whereas, in the presence
of a solid phase (being it inorganic or organic), bulk ther-
modynamics alone appears to be insufficient to fully charac-
terize the system. This corroborates a previous finding that
morphology effects play an important role, resulting in wa-
ter uptake by two-component particles even at dry ambient
conditions. In addition, at higher relative humidities the hy-
groscopic growth factor may deviate considerably from what
is expected from bulk thermodynamics.
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