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Abstract
The hygroscopicity of aerosol nanoparticles and related physical-chemical properties
are crucial for atmospheric multiphase processes, physical chemistry, and materials
science. One of the main problems of current research on aerosol hygroscopicity is
that the most studies due to technical challenges lack measurements in the sub-10 nm
size range, which is highly relevant for research on new particle formation and its
initial growth. The goal of this thesis is to solve the technical problems and use the
advanced nano-hygroscopicity tandem differential mobility analyzer (nanoHTDMA) to investigate the size dependent hygroscopicity of aerosol nanoparticles
with diameters down to 6 nm.
(1) In the first part of this thesis, the detailed information on the design of a nanoHTDMA system is presented. To enable high accuracy and precision in
hygroscopicity measurements of aerosol nanoparticles, especially in the sub-10 nm
size range, systematic and comprehensive calibration criteria of the nano-HTDMA
have been developed and applied, including the calibration of nanoparticle sizing,
sheath and aerosol flow rates, DMA voltage, relative humidity (RH) sensor, and
temperature (T) sensor. After calibration, the nano-HTDMA system has been shown
to have an accurate sizing and a small sizing offset between nano-DMAs (< 1.4 %)
for aerosol nanoparticles with diameters down to 6 nm. Moreover, to maintain the
RH-uniformities that prevent the pre-deliquescence and non-prompt phase transition
of nanoparticles within nano-DMA2, the RH of sheath flow is kept as same as that
of aerosol flow at inlet of nano-DMA2. Since temperature and RH are closely linked,
the nano-DMA2 with its humidification system is placed in a well-insulated airconditioned chamber, which maintains a constant temperature. Using the nanoHTDMA apparatus, we measure the hygroscopic behavior of aerosol nanoparticles
of two inorganic substances (i.e., ammonium sulfate and sodium sulfate). We find a
weak size dependence of deliquescence and efflorescence relative humidity (DRH
and ERH, respectively) of ammonium sulfate nanoparticles but a strong size
dependence of DRH and ERH of sodium sulfate nanoparticles down to 6 nm in size.
(2) The second part of this thesis is about hygroscopic properties of organic
nanoparticles with diameters down to 6 nm (i.e., levoglucosan and D-glucose)
measured by a nano-HTDMA system. Levoglucosan is a biomass burning tracer
compound and can contribute substantially (16.6–30.9% by mass) to the total
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organics in PM2.5. D-glucose, a hydrolysis product of cellulose and levoglucosan, is
one of the major pyrolysis products of wood. Due to the partial evaporation of
levoglucosan with diameters smaller than 20 nm in the nano-HTDMA system, we
investigate the hygroscopicity of levoglucosan nanoparticles in the size range from
20 to 100 nm. A weak size dependence of hygroscopic growth factor is observed for
levoglucosan and D-glucose nanoparticles with diameters down to 20 nm, while a
strong size dependence of the hygroscopic growth factor is found for D-glucose
nanoparticles with diameters from 6 to 20 nm. We further compare measurements
for levoglucosan and glucose nanoparticles with modelling results of the Extended
Aerosol Inorganics Model (E-AIM) and the ideal solution theory, respectively. The
ideal solution theory well describes the hygroscopic growth factors of levoglucosan
and D-glucose nanoparticles with diameters larger than 15 nm, while the E-AIM
model prediction well describes measured growth factors of sub-15 nm D-glucose
nanoparticles.
(3) The goal of the third part of this work is to investigate the hygroscopicity of
organic surrogate compounds from biomass burning and their interaction with
inorganic ammonium sulfate aerosols using an HTDMA. The organic surrogate
compounds represent a selection of some of the most abundant pyrolysis products of
biomass burning. We find that levoglucosan and humic acid aerosol nanoparticles
release water gradually in the range from 90 % down to 5% RH. However, 4Hydroxybenzoic acid aerosol nanoparticles remain in the solid state and exhibit a
small shrink in size in the whole dehumidification process. Predicted growth factors
using the Aerosol Inorganic-Organic Mixtures Functional groups Activity
Coefficients (AIOMFAC) model, the E-AIM, and a fitted hygroscopicity function
are in general consistent with measured hygroscopic growth factors of levoglucosan,
respectively. However, the use of the AIOMFAC and the E-AIM models without
consideration of crystalline organic phases is not appropriate to describe the
hygroscopicity of 4-hydroxybenzoic acid. Furthermore, we observe several effects
of these organic components on the hygroscopicity behavior of mixtures containing
ammonium sulfate in relation to the different mass fractions of organic compounds:
(i) A shift of ERH of ammonium sulfate to the higher RH due to the presence of 25
wt % levoglucosan in the mixture. (ii) There is a phase transition at 25% RH for
mixtures containing 50 wt % of 4-hydroxybenzoic acid compared to the ERH (i.e.,
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35 %) for organic-free AS nanoparticles, and a liquid-to-solid phase transition of 4hydroxybenzoic acid in the mixed particles during dehydration process. (iii) The
presence of humic acid components shows no significant effects on the efflorescence
of AS in mixed aerosol nanoparticles. In addition, consideration of a solid-liquid
phase transition of AS in both the AIOMFAC and the E-AIM models leads to a
general agreement between models and measurements, as well as ERH of AS in the
mixed system. The measured diameter growth factors of aerosol nanoparticles
containing humic acid and ammonium sulfate are well predicted by ZdanovskiiStokes-Robinson (ZSR) relation. Lastly, the mixtures containing organic surrogates
(i.e., levoglucosan, 4-hydroxybenzoic acid, and humic acid) and ammonium sulfate
with increasing organics mass fractions is used to mimic, in a simplified manner,
ambient conditions in the Amazon Basin during the wet and dry season. The
measured hygroscopicity parameters (ĸdry and ĸwet) show relatively good agreement
with field data in the dry and wet seasonal period in the Amazon Basin, respectively.
This suggests that laboratory-generated mixtures of organic surrogate compounds
with ammonium sulfate can be used to represent the chemical composition of
ambient aerosols from the Amazon Basin for the purpose of RH-dependent
hygroscopicity studies.
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Zusammenfassung
Die Hygroskopizität von Aerosol-Nanopartikeln und die damit in Zusammenhang
stehenden

physikalisch-chemischen

Eigenschaften

sind

für

die

multiphasenchemischen Prozesse der Erdatmosphäre, die physikalische Chemie und
die Materialwissenschaften von entscheidender Bedeutung. Ein Hauptproblem der
aktuellen Forschung zur Aerosol-Hygroskopizität ist der technisch bedingte Mangel
an Messdaten im Größenbereich von unter 10 nm, die sowohl für die Partikelbildung
als auch deren initiales Wachstums sehr wichtig sind. Das Ziel der vorliegenden
Arbeit ist es diese technischen Probleme durch den Einsatz eines weiterentwickelten
(Nano) Hygroscopicity Tandem Differential Mobility Analyzers (Nano-HTDMA) zu
lösen, um die größenabhängige Hygroskopizität von Aerosol-Nanopartikeln mit
kleinsten Durchmessern von bis zu 6 nm zu untersuchen.
(1) Im ersten Teil dieser Arbeit wird eine detaillierte Beschreibung des Aufbaus des
Nano-HTDMA-Systems vorgestellt. Um die notwendige hohe Präzision bei
hygroskopischen

Messungen

von

Aerosol-Nanopartikeln

zu

ermöglichen,

insbesondere im Größenbereich unter 10 nm, wurden umfassende systematische
Kalibrierungskriterien für den Nano-HTDMA erstellt und angewandt, einschließlich
der Kalibrierung von Nanopartikelgrößen, Mantelluftstrom- und AerosolstromDurchflussraten, DMA-Spannung, und der relativen Feuchte (RH) und Temperatur
(T) Sensoren. Nach der Kalibrierung konnte gezeigt werden, dass das NanoHTDMA-System für Aerosol-Nanopartikel mit kleinsten Durchmessern bis zu 6 nm
eine präzise Größenbestimmung mit kleinem Offset (< 1.4 %) zwischen beiden
Nano-DMAs aufweist. Zur Aufrechterhaltung der RH-Uniformitäten, die eine
vorzeitige Deliqueszenz (Verflüssigung) und einen verzögerten Phasenübergang der
Nanopartikel im Nano-DMA2 verhindern, wird außerdem die relative Luftfeuchte
des Mantel-Luftstroms mit dem des Aerosol-Luftstroms am Einlass des Nano-DMA2
abgeglichen. Da die Temperatur und die relative Luftfeuchtigkeit eng miteinander
verbunden sind, ist der Nano-DMA2 mit seinem Befeuchtungssystem in einer gut
isolierten und klimatisierten Kammer platziert, die eine konstante Temperatur
aufrechterhält. Mit der Nano-HTDMA-Apparatur wurde das hygroskopische
Verhalten

von

Aerosol-Nanopartikeln

zweier

anorganischer

Substanzen

(Ammoniumsulfat und Natriumsulfat) untersucht. Wir haben eine schwache
Größenabhängigkeit der relativen Deliqueszenz- und Effloreszenzfeuchten (DRH
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bzw. ERH) der Ammoniumsulfat-Nanopartikel beobachtet, aber eine starke
Größenabhängigkeit von DRH und ERH der Natriumsulfat-Nanopartikel bis zu einer
kleinsten Größe von 6 nm.
(2) Der zweite Teil dieser Arbeit beschäftigt sich mit den hygroskopischen
Eigenschaften von organischen Nanopartikeln mit kleinsten Durchmessern bis zu 6
nm (d.h. Levoglucosan und D-Glucose), die mit einem Nano-HTDMA-System
untersucht wurden. Levoglucosan ist ein Indikator für Biomasseverbrennung, der
einen erheblichen Anteil (16,6–30,9 Massenprozent) der organischen Substanz im
PM2,5 ausmachen kann. D-Glucose, ein Hydrolyseprodukt aus Zellulose und
Levoglucosan, ist eines der wichtigsten Pyrolyseprodukte von Holz. Aufgrund des
teilweisen Verdampfens von Levoglucosan mit Durchmessern kleiner als 20 nm im
Nano-HTDMA-System, untersuchen wir die Hygroskopizität von LevoglucosanNanopartikeln im Größenbereich zwischen 20 bis 100 nm. Für Levoglucosan- und
D-Glucose-Nanopartikel mit kleinsten Durchmessern von bis zu 20 nm wird eine
schwache Größenabhängigkeit des hygroskopischen Wachstumsfaktors beobachtet,
während für D-Glucose-Nanopartikel mit Durchmessern von 6 bis 20 nm eine starke
Größenabhängigkeit des hygroskopischen Wachstumsfaktors gefunden wird.
Außerdem vergleichen wir die Messungen der Levoglucosan- und GlucoseNanopartikel mit Modellierungsergebnissen des Extend Aerosol Inorganics Model
(E-AIM) bzw. mit der Theorie der idealen Lösung. Die Theorie der idealen Lösung
beschreibt die hygroskopischen Wachstumsfaktoren von Levoglucosan- und DGlukose-Nanopartikeln mit Durchmessern von über 15 nm gut, während die
Prognose des E-AIM Modells die gemessenen Wachstumsfaktoren von D-GlukoseNanopartikeln unter 15 nm gut beschreibt.
(3) Ziel des dritten Teils dieser Arbeit ist die Untersuchung der Hygroskopizität von
organischen Surrogat-Verbindungen aus der Biomasseverbrennung und deren
Wechselwirkungen mit anorganischen Ammoniumsulfat-Aerosolen mittels NanoHTDMA. Die organischen Surrogat-Verbindungen stellen eine Auswahl einiger der
häufigsten Pyrolyseprodukte der Biomasseverbrennung dar. Wir konnten feststellen,
dass Levoglucosan und Huminsäure Aerosol Nanopartikel im gesamten
Luftfeuchtebereich von 90 % bis zu 5 % RH graduell Wasser abgeben.
Demgegenüber bleiben Aerosol Nanopartikel der 4-Hydroxybenzoesäure im festen
Zustand, und weisen während des gesamten Entfeuchtungsprozesses nur eine geringe
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Größenschrumpfung auf. Die unter Verwendung des AIOMFAC-Modells (Aerosol
Inorganic-Organic Mixtures Functional groups Activity Coefficients), des E-AIM
und

einer

angepassten

Hygroskopizitäts-Funktion

vorhergesagten

Wachstumsfaktoren stimmen im Allgemeinen mit den gemessenen hygroskopischen
Wachstumsfaktoren von Levoglucosan überein. Die Verwendung des AIOMFACund des E-AIM-Modells ohne Berücksichtigung kristalliner organischer Phasen ist
jedoch nicht geeignet, um die Hygroskopizität von 4-Hydroxybenzoesäure zu
beschreiben. Darüber hinaus konnten wir verschiedene Auswirkungen dieser
organischen Komponenten auf das Hygroskopizitätsverhalten von Gemischen mit
Ammoniumsulfat beobachten, abhängig von den Massenanteilen der organischen
Verbindungen: (i) Eine Verschiebung der ERH von Ammoniumsulfat zu einer
höheren RH bei Anwesenheit von 25 Gew.-% Levoglucosan in der Mischung. (ii)
Das Vorhandensein einer Huminsäure-Komponente zeigt keinen signifikanten
Einfluss auf die Effloreszenz von AS in gemischten Aerosol-Nanopartikeln. Darüber
hinaus führt die Berücksichtigung des Übergangs von fester zu flüssiger Phase von
AS sowohl im AIOMFAC- als auch im E-AIM-Modell zu einer guten
Übereinstimmung zwischen Modellen und Beobachtungen, wie auch der ERH der
AS im gemischten System. Die gemessenen Wachstumsfaktoren der AerosolNanopartikel die Huminsäure und Ammoniumsulfat enthalten wurden durch die
Zdanovskii-Stokes-Robinson

Relation

(ZSR)

Beziehung

gut

vorhergesagt.

Schließlich werden Gemische, die organische Surrogate (d.h. Levoglucosan, 4Hydroxybenzoesäure und Huminsäure) und Ammoniumsulfat mit zunehmenden
organischen Massenanteilen enthalten, verwendet um auf vereinfachte Weise die
Umgebungsbedingungen des Amazonasbeckens währen der Regen- und der
Trockenzeit zu simulieren. Die gemessenen Hygroskopizitätsparameter (ĸwet und ĸdry)
zeigen eine relativ gute Übereinstimmung mit den Felddaten. Dies weist darauf hin,
dass im Labor erzeugte Gemische von organischen Surrogat-Verbindungen mit
Ammoniumsulfat verwendet werden können, um die chemische Zusammensetzung
von atmosphärischen Aerosolen des Amazonasbeckens zum Zweck von RHabhängigen Hygroskopizitätsstudien darzustelle.
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1. Introduction
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1.1 Hygroscopicity of aerosol nanoparticles and its significance in the atmosphere
In the atmospheric aerosol research, hygroscopicity is defined as the ability of aerosol
nanoparticles to uptake/release water. The ability of water uptake/release by aerosol
nanoparticles mainly depends on relative humidity (RH), temperature, chemical
composition, and size. When relative humidity (RH) increases over the crystalline
aerosol particles (e.g., ammonium sulfate, sodium chloride), they spontaneously absorb
gas-phase water to form aqueous droplets. This process is called deliquescence.
Efflorescence is the reverse process of deliquescence. Aqueous aerosol nanodroplets
continuously shrink with decreasing RH and finally crystallize with the accompanying
evaporation of all remaining water to the gas-phase at a certain RH value.
Deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH) are
not equal for aerosol nanoparticles due to a hysteresis effect in which nanoparticles at
a given RH may be crystalline or aqueous depending on RH history (Martin 2000;
Cheng et al., 2015). Note that not all of the pure aerosol nanoparticles exhibit the solidliquid phase transition in both deliquescence (from low RH to high RH) and
efflorescence (from high RH to low RH) mode (Martin, 2000; Cheng et al., 2015; Jing
et al. 2016; Biskos et al., 2006a, b, 2007). Instead, some inorganic and organic aerosol
nanoparticles (e.g., sodium nitrate, levoglucosan, glucose) absorb or release water
gradually as RH increases or decreases. Size dependence of hygroscopicity (e.g.,
growth factor and phase transition) of nanoparticles was observed in the previous
studies (Biskos et al., 2006a, b, 2007). For example, the DRH&ERH, hygroscopic
growth factor of 6-nm sodium chloride, for example, differ considerably from large
particles.
Hygroscopicity of aerosol nanoparticles has essential implications in the atmosphere.
Firstly, hygroscopicity is one of the most important physicochemical properties, which
directly determines the size and the physical state of aerosol nanoparticles (Köhler,
1936; Tang, 1996; Martin, 2000). Secondly, the water uptake by aerosol particles
affects their optical properties and consequently their impacts on visibility and direct
radiative forcing (Cheng et al., 2008, 2009; Burgos et al., 2019). Also, the hygroscopic
properties of aerosols determine which a fraction of aerosol particles can effectively act
as cloud condensation nuclei (CCN) and thus contribute to the aerosol indirect effect
(Pilinis et al., 1995; McFiggans et al., 2006; Wiedensohler et al., 2009). Lastly, the
amount of water in the particles under a given condition may control heterogeneous and
2

multiphase reactions of aerosol particles (Bertram and Thornton, 2009; Rubasinghege
and Grassian, 2013; Shiraiwa et al., 2011; Cheng et al., 2016).
1.2 The thermodynamic models for predicting hygroscopicity of aerosol particles
The current thermodynamic models mostly depend on concentration-dependent
thermodynamic properties (e.g., water activity, liquid-vapor surface tension). These
thermodynamic data are available by either measuring the micrometer-sized particles,
bulk solution (Fredenslund et al., 1975; Hansen et al., 1991; Tang and Munkelwitz,
1994; Tang, 1996; Pruppacher et al., 1997; Kreidenweis et al., 2005; Seinfeld and
Pandis, 2006), or applying Differential Köhler Analysis (DKA) approach to the
measurement results of hygroscopic growth factor of nanoparticles in the different sizes
(Cheng et al., 2015). Therefore, using the thermodynamic properties is to predict the
hygroscopic growth factor of nanoparticles against relative humidity based on the
Köhler equation (1-1) (Köhler, 1936).
𝑅𝐻

𝑝

4𝜎 𝑣

4𝜎 𝑣

𝑙𝑣 𝑤
= 𝑝𝑤𝑜 = 𝑠𝑤 = 𝑎𝑤 𝑒𝑥𝑝 (𝑅𝑇𝐷
) = 𝑎𝑤 𝑒𝑥𝑝 (𝑅𝑇𝐷𝑙𝑣 𝑔𝑤 )
100
𝑅𝐻

𝑤

𝑜 𝑓

(1-1)

𝑜
where pw is the partial pressure of water, 𝑝𝑤
is the saturation vapor pressure of water. 𝑠𝑤

is water saturation ratio. 𝑎𝑤 , 𝜎𝑙𝑣 , and 𝑣𝑤 are the water activity, liquid-vapor surface
tension of the solution, the partial molar volume of water in solution, respectively. 𝑅
is the ideal gas constant and 𝑇 is the droplet temperature. The hygroscopic growth
factor (𝑔𝑓 ) is defined by 𝑔𝑓 = 𝐷𝑅𝐻 /𝐷𝑜 , where 𝐷𝑅𝐻 and 𝐷𝑜 are particle diameter at a
defined RH and a dry RH (𝑅𝐻 < 10%), respectively.
(1) Extended Aerosol Inorganics (E-AIM) Model
E-AIM is a thermodynamic equilibrium model for modeling the water activity, liquidvapor surface tension, and density of aqueous solution containing inorganic and organic
components (http://www.aim.env.uea.ac.uk/aim/model3/model3a.php). The universal
quasi-chemical functional group activity (UNIFAC) (Fredenslund et al., 1975; Hansen
et al., 1991) can be used within the E-AIM model to predict the thermodynamic
properties in the aqueous solutions of multifunctional organic compounds (Clegg et al.,
2001).
In this thesis, we apply the E-AIM model (modeling water activity, surface tension) to
stimulate the hygroscopic growth factor as a function of RH based on Eq. (1-1) and Eq.
(1-2) in the equilibrium state of aerosol system.
𝑔𝑓 = (𝑥

𝜌𝑠
𝑠 𝜌𝑠𝑜𝑙

)

1
3

(1-2)
3

Here, 𝜌𝑠 and 𝜌𝑠𝑜𝑙 are the density of solute and solution, respectively. 𝑥𝑠 is the mass
fraction of solute.
(2) Ideal Solution Theory
The ideal solution theory assumes that the water activity of an ideal solution containing
a non-volatile, non-electrolyte component is equal to the mole fraction of water (i.e.,
activity coefficient of unity) (Mochida and Kawamura, 2004; Lei et al., 2014; 2018).
Also, for an ideal solution, liquid-vapor surface tension of aqueous solution is that of
pure water at T. The partial molar volume of pure water in the solution is equal to the
molar volume of pure water. Thus, the ideal solution theory is used to predict the
hygroscopic growth factor of pure organics using the following Eq. (1-3), which
defined as a function of molar ratio (𝑥𝑗 ), molar mass (𝑀𝑗 ), and mass density (𝜌𝑗 ) of
components.

𝐺𝐹 = [

1
3

1
∑𝑗(𝑥𝑗 𝑀𝑗 )
𝜌𝑗

∑𝑗,𝑗≠𝑤(𝑥𝑗 𝑀𝑗

1
)
𝜌𝑗

]

(1-3)

(3) Zdanovskii-Stokes-Robinson (ZSR) relation
For the inorganic-organic mixtures, the assumption of the ZSR mixing rule is that the
partial volumes of individual components/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 

  GF  
j

j

j

1
3 3

(1-4)

(4) Aerosol Inorganic-Organic Mixtures Functional group Activity Coefficients
(AIOMFAC) Model
The AIOMFAC model proposed by Zuend et al. (2008, 2011) is a thermodynamic
group-contribution model designed to calculate water activity covering inorganic,
organic, and organic-inorganic interactions in aqueous solutions over a wide
concentration range (http://www.aiomfac.caltech.edu/).
𝐺𝐹 = (

𝑤𝑗
1
∑𝑗
1−𝑤𝑤
𝜌𝑗
𝑤
(∑ 𝑠 𝑠 )

1
3

)

(1-5)

𝜌𝑠 𝑑𝑟𝑦

Here, the predicted hygroscopic growth factor is the function of mass fraction (𝑤𝑗 ),
water fraction (𝑤𝑤 ), liquid density (𝜌𝑗 ) of components (𝑗), mass fraction (𝑤𝑠 ), and solid
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density 𝜌𝑠 of non-water components (s). Note that liquid-vapor surface tension is often
assumed to be constant (frequently the value of pure water at T is used).
(5) Differential Köhler Analysis (DKA)
The expressions proposed by Cheng et al. (2015), theoretical based on Köhler equation
(Köhler, 1936), is determined water activity and liquid-vapor surface tension by
measuring hygroscopic growth factors of aerosol nanoparticles in different sizes.
(

𝑎𝑤 =

𝐷

𝐷𝑠1
)
−𝐷𝑠2

𝑠𝑤1𝑠1

(1-6)

𝐷𝑠2
)
𝐷 −𝐷
𝑠𝑤2𝑠1 𝑠2
(

𝐴

𝐴

𝑠1

𝑠2

−1

𝜎𝑙𝑣 = (𝐷 − 𝐷 )

(𝑙𝑛𝑠𝑤1 − 𝑙𝑛𝑠𝑤2 )

(1-7)

Where 𝑠𝑤1 and 𝑠𝑤2 are measured at the same 𝑔𝑓 but at different initial dry diameter
(𝐷𝑠1 , 𝐷𝑠2 ), respectively. Using the DKA method can predict the hygroscopic growth
factor combining Eq. (1-1) and Eq. (1-2). Cheng et al. (2015) presented
parameterization models for the DKA-derived water activity and the liquid-vapor
surface tension of aqueous solution of nanodroplets of ammonium sulfate and sodium
chloride, respectively. These parameterizations are functions of solute concentration.
In addition, we list the parameterizations of water activity and liquid-vapor surface
tension of ammonium sulfate solution widely used in the communities. According to
different measurements of micrometer-sized particles, bulk solution, and nanoparticles
with different sizes, the validated range of these parameterization models varies as
shown in Table 1-1. Also, Figure 1-1 shows that literature data of water activity and
liquid-vapor surface tension are compared with water activity and liquid-vapor surface
tension parameterization models. It shows that data of water activity and liquid-vapor
surface tension derived from measurements of the micrometer-sized particles or bulk
solution of ammonium sulfate are limited ffrom bulk solution to highly supersaturated
solution. By application the DKA method to the measured results of hygroscopic
growth factor of ammonium sulfate with diameters from 6 to 60 nm, water activity and
liquid-vapor surface tension with molality is up to b ~ 160 mol kg1, which extend to the
highly supersaturated concentration range. Also, the DKA-derived data are consistent
with the previous data of water activity derived from micrometer-sized particle or bulk
solution measurements. These parameterization models (e.g., AIM, TM, KD, SP, PK)
for water activity and liquid-vapor surface tension available from the previous studies
are in good agreement with measured data from bulk solutions to the saturated
5

concentration but deviated from DKA-derived data of water activity and liquid-vapor
surface tension in the highly supersaturated concentration range. Therefore, the
discrepancies between measurements and previous model predictions ((e.g., AIM, TM,
KD, SP, PK) of the hygroscopic behavior of nanoparticles are due to a lack of
thermodynamic parameters in the highly supersaturated concentration range. The
application of parameterization models of DKA-derived data of water activity and
liquid-vapor surface tension closes the gap between measurements and model
predictions (Cheng et al., 2015).
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Table 1-1.Thermodynamic parameterizations in the concentration range
Parameter (reference)

Parametrization model
46.29 + 26.42𝑥 + 12.51𝑥^2
80.77 + 103.6𝑥 + 55.09𝑥 2 + 𝑥^3
𝑏 − 13.02
𝑥=
17.15

DKA 𝑎𝑤

KD 𝑎𝑤

2)
𝑔𝑓 = (1 + (2.42848 − 3.85261𝑎𝑤 + 1.88159𝑎𝑤

(Kreidenweis et al., 2005)
TM 𝑎𝑤
Munkelwitz,

Tang, 1996)

1994;

𝑎𝑤
)
1 − 𝑎𝑤

0 < 𝑥𝑠 < 0.3
0 < 𝑥𝑠 < 0.78

𝑎𝑤 = 1 + ∑ 𝐴𝑞 (100𝑥𝑠 )𝑞
and

0 < 𝑥𝑠 < 0.96

𝑎𝑤 =

(Cheng et al., 2015)

(Tang

Solute concentration range

𝑞

𝐴1 = −2.175 × 10−3 ; 𝐴2 = 3.113 × 10−5 ;
𝐴3 = −2.336 × 10−6 ; 𝐴4 = 1.412 × 10−8 ;

DKA 𝜎𝑙𝑣
(Cheng et al., 2015)

0 < 𝑥𝑠 < 0.96

𝜎𝑙𝑣 = 0.072 + ∑ 𝐶𝑖 𝑥𝑠𝑖
𝐶1 = 0.04070; 𝐶2 = −0.4627;
𝐶3 = 3.799; 𝐶4 = −14.46;
𝐶5 = 27.80; 𝐶6 = −24.63; 𝐶7 = 8.016

SP 𝜎𝑙𝑣
(Seinfeld and Pandis, 2006)
PK 𝜎𝑙𝑣
(Pruppacher et al., 1997)

𝜎𝑙𝑣 = 𝜎𝑤 + 2.17 × 10−3 𝐶𝑠
𝜎𝑤 = 0.0761 − 1.55 × 10
𝜎𝑙𝑣 = 0.072 +

−4 (𝑇

0 < 𝑥𝑠 < 0.78
− 273.15)

2.34 × 10−2 𝑥𝑠
1 − 𝑥𝑠

0 < 𝑥𝑠 < 0.78
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Figure 1-1: Concentration-dependent thermodynamic properties of ammonium sulphate solution. (a, b)
Water activity (aw, on a mole fraction basis) and liquid-vapor interfacial energy (σlv) are plotted against
solute molality (b) and mass fraction (xs). The DKA-derived aw and σlv (red open circles) are compared
with observations (blue stars), AIM (Aerosol Inorganic Model, blue line), and other parameterizations
for aw (TM=Tang-Munkelwitz, green line; KD=Kreidenweis, orange line) and σlv (PK=Pruppacher-Klett,
dark green line; SP=Seinfeld-Pandis, purple line) and the best fit of DKA results (red lines). Dashed lines
indicate extrapolation beyond validated concentration range. Red shaded areas indicate the uncertainties
in the DKA retrieval, estimated by Monte Carlo analyses. The dark and light grey shaded areas mark the
sub-saturated and saturated concentration with respect to bulk solution and supersaturated concentration
before efflorescence of supermicrometre droplets, respectively. The white area marks the highly
supersaturated concentration where the aw data are not available in the literature. Permission with Cheng
et al. (2015).
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1.3 Techniques for investigating the hygroscopicity of aerosol particles
Table 1-2 shows specific techniques commonly used in laboratory over the past ten
years for measuring the hygroscopic properties of aerosol particles under subsaturation
conditions (i.e., RH < 100 %) in different sizes. These techniques can be mainly
applicable to measure particle size (Dp): (i) Dp > 1 μm; (ii) 10 nm < Dp < 1 μm; and (iii)
Dp < 10 nm.
The early laboratories for hygroscopicty measurements focus on the deposited
micrometer-sized particles with increasing RH with spectroscopy (Dong et al., 2009;
Zhao et al., 2013). Accordingly, experimental techniques are developed to characterize
their physical state, morphology, phase transition (solid-liquid, liquid-liquid phase
separation), mixing state, and chemical composition of aerosol articles. For example,
optical microscopy is widely used to investigate solid-liquid and liquid-liquid phase
separation of aerosol particles during the humidity cycle. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) are used to quantitatively measure
the physical properties of aerosol particles with diameter from micron down to
nanoscale. The use of Fourier transform infrared spectrometer (FT-IR) (Zhao et al.,
2016) and Raman spectroscopy (Dong et al., 2009) is to measure the hygroscopic
growth of aerosol particles on the molecular level by vibrational spectroscopy (i.e.,
Raman and infrared spectroscopy). Subsequently, techniques are developed for
capturing and levitating a single charged micrometer particle in an electrodynamic
balance (EDB) and observing changes in particle mass as the environmental RH (Chan
and Chan, 2003; Chan et al., 2008). However, the more recent development of optical
tweezers (3D trapping, in which axial and lateral forces are much greater than
gravitational forces, enables high accuracy and precision in size measurements (Reid et
al., 2011; Rickards et al., 2013). Also, the atomic force microscopy (AFM) (Estillore et
al., 2017) is employed to directly measure the three-dimension morphology, phase
transition, and height of particles with diameter down to 10 nm. Different from the
single particle measured by the optical tweezers and the AFM, the hygroscopicity
tandem differential mobility analyzer (HTDMA) systems are frequently used to
measure the sub-micro assembly of particles at a given RH, then further calculate the
particle diameter growth factor (Rader and McMurry, 1986; Mikhailov et al., 2004,
2008, 2009, 2020; Cheng et al., 2008, 2009; Eichler et al., 2008; Stock et al., 2011; Let
et al., 2014, 2018; Hong et al., 2014, 2015). In the sub-20 nm size range, however,
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HTDMA setup is difficult or even impossible to maintain the sizing accuracy and a
small sizing offset between two DMAs, especially in the sub-10 nm range. Therefore,
the development of a nano-HTDMA apparatus enables the high accuracy and precision
of hygroscopicity measurements of sub-20 nm aerosol nanoparticles.
Using these techniques, most of the early lab studies focused on the hygroscopic
behavior of the known-composition aerosol particles, including deliquescence,
efflorescence of pure components, and the effect of organics on the deliquescence and
efflorescence of these inorganic components in the mixtures.
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Table 1-2. Techniques for investigating the hygroscopic behavior of aerosol particles
Techniques (reference)

Size range

Brief introduction

Optical microscopy

≥10 um

Particles deposited on the glass slide
were monitored using a microscope,
and particle images were recorded
using a charge-coupled device
camera with adjusting the RH.
Characterizing the molecular
vibrations and their shift of a single
particle deposited on the substrate by
water absorption or release when RH
increases or decreases.

(Tang et al., 2019)

Fourier transform infrared spectrometer

≥10 um

(FT-IR)
Raman spectroscopy
(Dong et al., 2009; Zhao et al., 2013)
Electrodynamic balance (EDB)

≥10 um

(Chan and Chan, 2003; Chan et al., 2008)

Optical tweezers (AOT)
(Reid et al., 2011; Rickards et al., 2013)

≥400 nm

Atomic force microscopy (AFM)
(Estillore et al., 2017)

≥10 nm

Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM)
(Tang et al., 2019)

≥10 nm

Hygroscopicity tandem differential

20 nm-1 μm

mobility analyzer (HTDMA)
(Rader and McMurry, 1986; Mikhailov et
al., 2004, 2008, 2009, 2020; Cheng et al.,
2008, 2009; Eichler et al., 2008; Stock et
al., 2011; Let et al., 2014, 2018; Hong et
al., 2014, 2015)
Nano-hygroscopicity tandem differential

3 nm-20 nm

mobility analyzer (nano-HTDMA)
(Biskos et al., 2006a, b, 2007)
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Levitating a single charged particle
by a combination of alternating and
direct current (AC and DC) electric
fields. When increasing or
decreasing RH, the mass of a particle
undergoing
condensation/evaporation is
proportional to the DC balancing
change. The mass change of solute in
a particle is determined by the ratio
of DC balancing voltage to that in
the dry condition.
The continuous laser light beams are
used to create a single beam gradient
force optical trap to capture a single
charged particle of aerosol flow
through a trapping chamber.
Particles are deposited in a
controlling-humidity chamber and
their height and phase image can be
measured by a molecule force probe.
Producing morphology, mixing state
images of particles in the vacuum
condition by scanning the surface
with a focused beam of electrons.
Measuring the diameter of aerosol
particles at different RHs and further
obtaining the hygroscopic growth
factor of aerosol particles with
dimeter above 20 nm, (i.e., the
hygroscopic growth factor is defined
as the ratio of diameter after
humidification to that in the dry
condition)
Under high accuracy and stability
measurement condition, the change
in diameter of aerosol particles is
measured at different RHs, especially
in the sub-10 nm sizing range.

1.4 Research objectives and questions to be solved
(1) As discussed above, knowledge of hygroscopicity of sub-10 nm aerosol
nanoparticles is very little (Hämeri et al., 2000, 2001; Biskos et al., 2006a, b, 2007;
Wang et al., 2015; Giamarelou et al., 2018). For example, Biskos et al. (2006a, b, 2007)
studied the hygroscopicity of ammonium sulfate and sodium chloride nanoparticles
with diameters down to 6 nm using a hygroscopic tandem nano-differential mobility
analyzer. In addition, Wang et al. (2015) designed a nano-cloud concentration nuclei
counter for measuring size-resolved hygroscopicity and inferring chemical composition
of nanoparticles smaller than 10 nm. As we notice, excluding the apparatus designed
by Wang et al. (2015), the other studies aforementioned were all focused on using an
HTDMA system. However, current knowledge of the hygroscopicity of nanoparticles
is restricted by the limitations of HTDMA techniques. (1) An accurate sizing and a
small sizing offset between two DMAs. To obtain the accurate growth factor of
nanoparticles, the particle sizing and sizing offset between two DMAs should be within
±2-3% (Massling et al., 2011; Zhang et al., 2016), which is however very difficult to
maintain for the sub-10 nm size range. Furthermore, a large sizing offset may lead to
significant error in the measured hygroscopic growth factor based on error propagation
(Mochida and Kawamura, 2004). The particle sizing crucially depends on the sheath
flow rates and DMA voltages in the HTDMA system. Uncertainties in sheath flow rates
and DMA voltages will increase as size decreases, which directly influences the sizing
accuracy and further results in a big sizing offset between two DMAs. For example,
calibration of the DMA voltage with low accuracy of ± 1% can lead to ~5.4% of the
sizing offset between two DMAs for 8-nm ammonium sulfate nanoparticles. (2) Highly
stable measurement conditions in the whole HTDMA system are vital to maintain a
small perturbation with regard to temperature, RH, and pressure for investigating the
hygroscopic behavior of nanoparticles. E.g., a 0.8 K fluctuation of the experimental
temperature can result in a 4% difference in RH (0-90 %) during the measurements.
Due to the RH/temperature non-uniformities within DMA2 system, the predeliquescence and non-prompt phase transition of aerosol nanoparticles (e.g.,
ammonium sulfate, sodium sulfate) were observed by previous studies (Hämeri et al.,
2000, 2001; Gysel et al., 2002; Gao et al., 2006; Duplissy et al., 2009; Mikhailov et al.,
2009, 2020; Wu et al., 2011). The results of DRH and ERH of ammonium sulfate
nanoparticles show non-uniformities in the previous studies. For example, as shown in
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Figure 1-2, the DRH of 50-nm ammonium sulfate is at 78% RH, which smaller than
other previous studies (DRH=80 %) (Biskos et al., 2006b; Hämeri et al., 2000). Also,
the non-prompt phase transition of ammonium sulfate occurs for 8-nm ammonium
sulfate (Hämeri et al., 2000).
Therefore, in the first objective of thesis, we present the design of a nano-HTDMA
setup that can measure the accurate phase transition and hygroscopic growth factor of
aerosol nanoparticles with diameters less than 10 nm. Also, we discuss in detail how to
maintain the accurate sizing, the small sizing offset of two nano-DMAs, and the highly
stable measurement conditions. Finally, we apply the nano-HTDMA system to study
the size dependence of hygroscopicity of aerosol nanoparticles of two specific inorganic
compounds (e.g., ammonium sulfate and sodium sulfate) for sizes down to 6 nm.
b
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Figure 1-2: (a) The non-prompt deliquescence of 8-nm ammonium sulfate (AS); (b) the predeliquescence of 50-nm ammonium sulfate. The hygroscopic results of ammonium sulfate (black square:
deliquescence mode) are from Hämeri et al. (2000).
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(2) Investigation of hygroscopicity of sub-10 nm organic aerosol nanoparticles is still
lacking in the literature. The previous studies have been focused on investigating
hygroscopicity of organic aerosol particles in accumulation modes and super-micron
size ranges (Chan et al., 2005; Peng et al., 2010). Biomass burning is one of the most
important sources of anthropogenic atmospheric organic aerosols. Particles in biomass
burning smoke enriched with hygroscopic organics account for up to 99% of water
soluble organic carbon (Psichoudaki and Pandis, 2013). These hygroscopic aerosols
nanoparticles determine which fraction of aerosol nanoparticles can efficiently act as
cloud condensation nuclei (CCN) and form the cloud droplets. Levoglucosan is both
biomass burning tracer compound and the most abundant compositions in wood
burning aerosols, D-glucose is major pyrolysis products of wood. They show the
significant hygroscopic behavior in the biomass burning (Mochida and Kawamura,
2004). Thus, to study their interaction with water is essential to improve the
understanding of biomass burning aerosol formation, transportation, and climate.
However, due to the Kelvin effect, some small organic aerosol nanoparticles are more
likely to evaporate in the HTDMA system. Also, there are very few thermodynamic
data in the highly supersaturated concentration for organics nanodroplets (Clegg et al.,
1998; Bhandari and Bareyre, 2003; Chan et al., 2005; Koehler et al., 2006; Peng et al.,
2010) such as levoglucosan and D-glucose. This may lead to the discrepancy between
measurement results and thermodynamic model prediction.
Therefore, in the second objective of thesis, we investigate the size dependent
hygroscopicity of levoglucosan and glucose nanoparticles in size down to 6 nm using
a nano-HTDMA. In addition we use the Extended Aerosol Inorganic Model (E-AIM)
(Clegg

et

al.,

2001;

Clegg

and

Seinfeld,

2006;

available

online:

http://www.aim.env.ac.uk/aim/aim.php) and the ideal solution theory to predict the
hygroscopic growth of levoglucosan and glucose aerosol nanoparticles with diameters
down to 6 nm.
(3) Most of the water-soluble organics in the biomass burning have been found to be
internally mixed with ubiquitous inorganic compounds (e.g., ammonium sulfate and
sodium chloride) (Saxena et al., 1995; Shi et al., 2012; Lei et al., 2014, 2018).
Hygroscopicity measurements of real biomass burning aerosol particles is limited due
to the complex chemical organic compositions observed in the Amazon and other
regions (Artaxo et al., 2002; Decesari et al., 2006; Rissler et al., 2006). One way is to
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identify a set of model substances that may be representative in reproducing the
hygroscopic behavior of water-soluble organic fraction of the real aerosol particles
(Rissler et al., 2010; Wu et al., 2011; Zamora et al., 2011). Levoglucosan, 4hydroxybenzoic acid, and humic acid have been represented as common water-soluble
compound classes from biomass burning (Lei et al., 2014, 2018), which is a selection
of some of the most abundant pyrolysis products of biomass burning (Mochida and
Kawamura, 2004; Lei et al., 2014, 2018). There are few studies, however, to
systematically investigate their interactions with water molecules and further their
effect on the efflorescence of inorganic components in the mixtures. Also, current
thermodynamic models such as the E-AIM, the ZSR, and the AIOMFAC models are
commonly used for predicting the hygroscopic growth of organic/inorganic mixtures
(Zuend et al., 2008, 2011; Peng et al., 2010; Lie et al., 2014, 2018). However, providing
accurate thermodynamic model predictions of the hygroscopic growth behavior of
mixed organic-inorganic systems remains a challenging problem. Firstly, these
thermodynamic models have different assumptions for hygroscopic growth factors of
mixtures. For example, the ZSR relation assumes that water uptake of each of the
components of mixed organic-inorganic particles can be treated independently at a
given RH. Secondly, at a different RH, especially at moderate and low RH levels,
particles become highly supersaturated in concentration. This may lead to a step-like or
gradual crystallization, which mainly depends on the organic/inorganic mass ratio and
the chemical nature of the mixture constituents. This range of measurement-model
comparisons is highly difficult to reach consistency.
Therefore, in the third objective of thesis, we investigate hygroscopic growth factors of
organic surrogate compounds representing biomass burning and mixed organic–
inorganic aerosol particles in the dehumidification process. Also, the use of the ZSR
mixing rule, the E-AIM model, and the AIOMFAC model to predict the measured
hygroscopicity behavior of mixed aerosol particles, respectively. Afterwards, the
difference between model predictions and measurements would be explained in details.
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2. Nano-hygroscopicity tandem
differential mobility analyzer (nanoHTDMA) for investigating hygroscopic
properties of sub-10 nm aerosol
nanoparticles

This work has been published as Lei et al. (2020):

Lei, T., Ma, N., Hong, J., Tuch, T., Wang, X., Wang, Z., Pöhlker, M., Ge, M., Wang, W.,
Mikhailov, E., Hoffmann, T., Pöschl, U., Su, H., Wiedensohler, A., and Cheng, Y.:
Nano-hygroscopicity tandem differential mobility analyzer (nano-HTDMA) for
investigating hygroscopic properties of sub-10 nm aerosol nanoparticles, Atmospheric
Measurement Techniques, 13, 5551–5567, 2020

(Reprint Under the Creative Commons Attribution 4.0 License International License)

I am the first-author of this work and my contribution to this work includes modifying
and advancing the basic hygroscopicity tandem differential mobility analyzer
(HTDMA) system into the nano-HTDMA for measuring the hygroscopic properties of
aerosol nanoparticles in the sub-10 nm size range, performing the experiments,
analyzing all the data, making all the figures and tables, and writing the manuscript
together with Dr. Cheng and Dr. Su.
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The following text, figures, and tables quoted (within “”) from page 17 to page 63
are exactly the same as published on Lei et al. (2020) which is cited on page 16.
“Abstract. Interactions between water and nanoparticles are relevant for atmospheric
multiphase processes, physical chemistry, and materials science. Current knowledge of
the hygroscopic and related physicochemical properties of nanoparticles, however, is
restricted by the limitations of the available measurement techniques. Here, we present
the design and performance of a nano-hygroscopicity tandem differential mobility
analyzer (nano-HTDMA) apparatus that enables high accuracy and precision in
hygroscopic growth measurements of aerosol nanoparticles with diameters less than 10
nm. Detailed methods of calibration and validation are provided. Besides maintaining
accurate and stable sheath and aerosol flow rates (±1%), high accuracy of differential
mobility analyzer (DMA) voltage (±0.1%) in the range of ~0-50 V is crucial for
achieving accurate sizing and small sizing offsets between the two DMAs (<1.4%). To
maintain a stable relative humidity (RH), the humidification system and the second
DMA are placed in a well-insulated and air conditioner housing (±0.1K). We also tested
and discussed different ways of preventing predeliquescence in the second DMA. Our
measurement results for ammonium sulfate nanoparticles are in good agreement with
Biskos et al. (2006b), with no significant size effect on the deliquescence and
efflorescence relative humidity (DRH and ERH, respectively) at diameters down to 6
nm. For sodium sulfate nanoparticles, however, we find a pronounced size dependence
of DRH and ERH between 20 and 6 nm nanoparticles.

1 Introduction
The climatic effects of aerosol nanoparticles have attracted increasing interest in recent
years (Wang et al., 2016; Andreae et al., 2018; Fan et al., 2018). Interactions between
water and nanoparticles are relevant for atmospheric multiphase processes, physical
chemistry, and materials science (Zheng et al., 2015; Cheng et al., 2015, 2016). Aerosol
nanoparticles in the atmosphere mostly originate from new particle formation, and a
fraction of these nanoparticles could potentially grow into sizes that enables them to
efficiently act as cloud condensation nuclei and, thus, to change the contributions of
aerosol nanoparticles to climate forcing (Lihavainen 2003; Wiedensohler et al., 2009;
Sihto et al., 2011; Kirkby et al., 2011; Keskinen et al., 2013; Dunne et al., 2016; Kim
et al., 2016). These processes strongly depend on the chemical composition and
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physicochemical properties of these nanoparticles (Köhler, 1936; Su et al., 2010; Wang
et al., 2015; Cheng et al., 2015). One of the most important physicochemical properties
of nanoparticles is their hygroscopic behavior, which describes their ability to take up
water, and it can differ significantly from that of larger particles (Hämeri et al., 2000,
2001; Gao et al., 2006; Biskos et al., 2006a, b, 2007; Cheng et al., 2015).
To understand and predict the hygroscopic properties of nanoparticles, current
thermodynamic models mostly rely on the concentration-dependent thermodynamic
properties (such as water activity and interfacial energy) derived from the
measurements of large aerosol particles or even bulk samples (Tang and Munkelwitz,
1994; Tang 1996; Pruppacher and Klett, 1997; Clegg et al., 1998). They are thus
difficult or impossible to apply to describe the hygroscopic behavior of sub-10 nm
nanoparticles, which can often be supersaturated in concentration compared to bulk
solutions (Cheng et al., 2015). Furthermore, the nanosize effect on these properties may
also need to be considered (Cheng et al., 2015). The lack of such data hinders the
understanding and accurate simulation of the interaction of water vapor and
atmospheric nanoparticles. In addition, by knowing the hygroscopicity of newly formed
nanoparticles, one can infer the involving chemical species (e.g., organic ratio) in
particle formation and initial growth (Wang et al., 2010), which is otherwise difficult
and highly challenging to measure directly (Wang et al., 2010; Ehn et al., 2014). Hence,
measuring the hygroscopicity of nanoparticles is essential for improving our
understanding of aerosol formation, transformation, and their climate effects.
Different techniques have been employed to characterize the hygroscopic properties of
aerosol particles in different sizes (Fig. S1; Tang et al., 2019), such as the Fourier
transform infrared spectrometer (FTIR; Zhao et al., 2006), Raman spectroscopy (Dong
et al, 2009), electrodynamic balance (EDB; Chan and Chan, 2003, 2005; Chan et al.,
2008), optical tweezers (Reid et al., 2011; Rickards et al., 2013), a hygroscopicity
tandem differential mobility analyzer (HTDMA; e.g., Rader and McMurry, 1986;
Mikhailov et al., 2004; 2008; 2009; Biskos et al., 2006a, b, 2007; Cheng et al., 2008,
2009; Eichler et al., 2008; Stock et al., 2011; Hong et al., 2014, 2015; Lei et al., 2014;
2018; Mikhailov and Vlasenko, 2020), and atomic force microscopy (AFM; Estillore
et al., 2017). Using these techniques, most of the early laboratory studies focused on
the hygroscopic behavior of particles in the accumulation modes and super-micron size
range, including deliquescence, efflorescence of pure components and the effect of
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organics on the change or suppression of the deliquescence and efflorescence of these
inorganic components in mixtures.
For nanoparticles with diameters down to sub-10 nm, there are, however, only very few
studies that have attempted to investigate their interactions with water molecules; these
studies mainly utilized the setup with humidified tandem differential mobility analyzers
(DMAs) (Hämeri et al., 2000, 2001; Sakurai et al., 2005; Biskos et al., 2006a, b, 2007;
Giamarelou et al., 2018). In Table S1, we summarized the measured DRH and ERH of
ammonium sulfate nanoparticles in the size range from 6 to 100 nm, using HTDMAs.
In the studies, the results of the observed DRH and ERH and prompt or nonprompt
phase transitions of ammonium sulfate nanoparticles, however, do not show universal
agreement. The technical challenges in HTDMA measurements, especially in the sub10 nm size range, mainly relate to the: (1) accurate sizing and small sizing offset of the
two DMAs and (2) highly stable measurement conditions in the whole system. A large
sizing offset between the two DMAs may lead to significant errors in the measured
growth factor based on error propagation (Mochida and Kawamura, 2004). Massling et
al. (2011) and Zhang et al. (2016) suggested that to achieve good hygroscopic growth
factor of nanoparticles, the sizing offset of the two DMAs should be within ±2-3%,
which is, however, very difficult to maintain for the sub-10 nm size range. To accurately
measure phase transition (e.g., DRH and ERH), a highly stable measurement condition
is essential, especially for maintaining a small temperature perturbation in the
humidification system and inside the second DMA to prevent predeliquescence. For
example, a 0.8 K fluctuation in the experimental temperature during the measurement
can result in a 4% difference in RH (0-90%) inside the humidified DMA (Hämeri et al.,
2000), leading to an inaccurate determination of the phase transition. Another problem
is the prompt versus nonprompt phase transition. Although the effects of impurities on
the phase transition of aerosol nanoparticles (Biskos et al., 2006a; Russell and Ming,
2002) may be one possible reason for the previously observed nonprompt phase
transitions (e.g., Hämeri et al., 2000), the apparent nonprompt phase transition of
aerosol nanoparticles has been thought to be mainly due to the inhomogeneity of
relative humidity (RH) and temperature in the humidified DMA during measurements
(Biskos et al., 2006b; Bezantakos et al., 2016). Moreover, the hygroscopic
measurements are, in general, difficult for nanoparticles with diameters below 20 nm
due to high diffusion losses of nanoparticles (Seinfeld and Pandis, 2006).
19

In this study, we present the design of a nano-HTDMA setup that enables high accuracy
and precision in the hygroscopic growth measurements of aerosol nanoparticles with
diameters less than 10 nm. Detailed methods of calibration and validation are provided.
We discuss in detail how to maintain the good performance of the system by
minimizing uncertainties associated with the stability and accuracy of RH, temperature,
voltage for nanoparticle classification, and sheath and aerosol flows in the DMA
systems. We then apply the nano-HTDMA system to study the size dependence of the
deliquescence and the efflorescence of aerosol nanoparticles of two specific inorganic
compounds (e.g., ammonium sulfate and sodium sulfate) for sizes down to 6 nm.

2. Methods
2.1 Nano-HTDMA system
We designed a nano-HTDMA system to measure the aerosol nanoparticle hygroscopic
growth factor (gf), especially aiming for accurate measurements of the phase transition
and hygroscopic growth factor for nanoparticles in the sub-10 nm size range. Here, gf
is defined as the ratio of the mobility diameters of nanoparticles after humidification
(𝐷𝑚 (RH)) to those in the dry condition (𝐷𝑚 (< 10% RH); see SI. S1. Eq. (S1)). As
presented in Fig. 1, the nano-HTDMA is comprised of three main components,
including two nano-differential mobility analyzers (nano-DMA; TROPOS; model no.
Vienna-type short DMA; Birmili et al., 1997), an ultrafine condensation particle
counter (CPC, TSI; model no. 3776), and a humidification system. Table 1 shows the
technical specification, where the DMA system, humidification system, and
temperature system of the three HTDMAs setup are compared to the systems of Biskos
et al. (2006b), Hämeri et al. (2000), and this study.
In our setup (Fig. 1), the first nano-DMA (nano-DMA1) is used to produce quasimonodisperse nanoparticles at a desired dry diameter. The flow rate of the closed-loop
sheath flow in the nano-DMA1 is maintained at 10 l min-1. The ratio of sheath flow to
aerosol flow is 10:1.5. The sheath flow is dried in parallel to RH below 10% by two
custom-built Nafion dryers (TROPOS; model no. ND.070). The quasi-monodisperse
nanoparticles produced by nano-DMA1 then enter the humidification system, which
can be set to deliquescence mode (from low RH to high RH for measuring
deliquescence) or efflorescence mode (from high RH to low RH for measuring
efflorescence). In the deliquescence mode, dry nanoparticles are humidified by a Nafion
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humidifier (NH-1, TROPOS; model no. ND.070; length 60 cm) to a target RH. In the
efflorescence mode, nanoparticles are first exposed to a high RH condition (~97% RH)
in a Nafion humidifier (NH-2, Perma Pure; Model no. MH-110; length 30 cm) and then
dried to a target RH through NH-1. The humid flow in the outer tube of NH-1 is a
mixture of high-humidity air produced with a custom-built Gore-Tex humidifier and
heater (GTHH; TROPOS; inner radius 1.5 cm and length 30 cm) and dry air in variable
proportions. To have precise control of the aerosol RH, the flow rates of the humid and
dry air are adjusted with a proportional-integral-derivative (PID) system, including two
mass flow controllers (MFC; MKS; model no. MF1) and an RH sensor (Vaisala; model
no. HMT330) downstream of NH-1.
The residence time is ~5.4 s in the NH-1 for both the deliquescence and the
efflorescence modes. Many groups have reported that the residence time of a few
seconds is sufficient for reaching equilibrium to measure the hygroscopic growth or
shrink of inorganic salt particles, e.g., ammonium sulfate and chloride sodium (Chan
and Chan, 2005; Duplissy et al., 2009; Lei et al., 2014, 2018; Giamarelou et al., 2018).
More specifically, Kerminen (1997) estimated the time for reaching the water
equilibrium to be between 8 x 10-6 s and 0.005 s for 100 nm nanoparticles at 90% RH
at 25°C, with accommodation coefficients from 0.001 to 1, respectively. In our study,
we measured the inorganic aerosol nanoparticles with diameters from ~100 nm down
to 6 nm, thus, the equilibrium time should be even shorter as the nanoparticle size
decreases (Table. S2). In NH-2, the residence time is ~0.07 s for the deliquescence of
inorganic aerosol nanoparticles at very high RH conditions (~97% RH), which is much
longer than the time estimated for the phase transition by Duplissy et al. (2009; of the
order of a few milliseconds) and Raoux et al. (2007; of the order of a few nanoseconds).
In addition, we have tested a longer NH-2 (Perma Pure; model no. MH-110; length 121
cm) in the efflorescence mode, and no significant difference in measured growth factors
is found, indicating that the residence time in NH-1 and NH-2 should be sufficient.
The number size distribution of the humidified nanoparticles is measured with a
combination of the second nano-DMA (nano-DMA2) and the ultrafine CPC. Similar to
Biskos et al. (2016b), a multiple Nafion humidifier (NH-3; Perma Pure; model no. PD100) is used in our nano-HTDMA system to rapidly adjust the RH of the sheath flow
of nano-DMA2. The sheath flow is fed into the outer tube of the NH-3 to minimize its
pressure drop. The RH of humid flow in the inner tube of NH-3 is controlled with a
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similar PID system to that of NH-1. An RH sensor (Vaisala; model no. HMT330)
downstream of NH-3 is used to provide feedback to the PID system. In our nanoHTDMA system, a dew point mirror (DPM; Edgetech; model no. DPM-99) is placed
in the excess flow line to measure the RH and temperature of the excess flow of the
nano-DMA2. During the operation, the difference between sheath flow RH and aerosol
flow RH was maintained within ±1% (see more details in Section 2.2).
The sheath flow is maintained at the set flow rate with a PID-controlled recirculation
blower (RB; Ametek; series Minispiral). Prior to every size scan, the sheath flow rate
of the nano-DMA2 is adjusted by the PID system according to the measurement of a
mass flow meter (MFM; TSI; series 4000) in the sheath flow line. In order to minimize
the pressure drop along the recirculating sheath flow loop, a low flow resistance MFM
and hydrophobic filter (HF; Whatman; model no. 6702-3600) are used. A heat
exchanger (HE; Ebm-papst; model no. 4414FM) is installed downstream of the RB to
minimize the temperature perturbation in the sheath flow by the heat generated in the
RB.
As mentioned before, temperature nonuniformity is the main contributor to the
fluctuation of RH within humidified DMA. A temperature difference within nanoDMA2 is unavoidable mainly due to temperature difference between the inner electrode
and the rest of nano-DMA2 parts and/or the temperature difference between aerosol
and sheath flow (Duplissy et al., 2009; Bezantakos et al., 2016). As shown in Fig. 1, in
order to investigate and monitor the temperature difference within nano-DMA2 during
measurements, a temperature sensor (Thermo Electron; model no. Pt100) is placed at
the inlet of the sheath flow, and the temperature of sheath excess flow is monitored by
the DPM. Note that a DPM should be installed as close as possible to the nano-DMA2
in the excess flow to better represent the conditions inside the nano-DMA2, such as
temperature and RH (Wiedensohler et al., 2012). In addition, the temperature of the
aerosol flow is monitored at the inlet of the aerosol flow of nano-DMA2.
Moreover, to maintain a stable environment that is required for the growth factor
measurements, a nano-DMA2, with its sheath flow humidification system, is placed in
a well-insulated housing chamber (marked with yellow dashed lines in Fig. 1). An air
conditioner (Telemeter Electronic GmbH; model no. TEK-1004-RR-24-IP55) is
installed inside the housing to maintain a constant temperature (292.15±0.1 K), which
is set to be ~1 K lower than the constant laboratory temperature (293 K) in order to
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achieve high RH (~90%) inside nano-DMA2.

Figure 1. Experimental setup of the nano-HTDMA. Note: AG - aerosol generator (aerosol atomizer or
electrospray); ND - Nafion dryer; Kr-85 - Krypton source aerosol neutralizer; Nano-DMA - nano
differential mobility analyzer; TPF - total particle filter; HF - hydrophobic filter; MFC: mass flow
controller; MFM - mass flow meter; RB - recirculation blower; DPM - dew point mirror; GTHH - GoreTex humidifier and heater; NH - Nafion humidifier; HE - heat exchanger; CPC - condensation particle
counter; black line - aerosol line; blue line - sheath line; royal blue line - humidified air; green line –
Milli-Q water (resistivity of 18.2 MΩ cm at 298.15 K). RHa and RHs (measured by RH sensors) represent
the relative humidity (RH) of aerosol and sheath flow in the inlet of nano-DMA2, respectively. RHe
(measured by dew point) represents the RH of excess air. T represents the temperature of aerosol and
sheath flow in the inlet of nano-DMA2, respectively.

2.2 Calibration of nano-HTDMA
The purpose of this study is to design and build a nano-HTDMA system that is able to
measure the hygroscopic properties of nanoparticles, especially in the sub-10 nm size
range. A small perturbation in the measurement conditions may lead to large biases in
the results. Hence, in order to provide high-quality hygroscopicity measurements of
nanoparticles, systematic calibration of the nano-HTDMA should be conducted
regularly to ensure the accuracy and stability of the measurement conditions. Table 1
lists the possible sources of uncertainty which could affect the performance of the
HTDMAs. In our setup, nanoparticle sizing, aerosol/sheath flow rates, the high voltage
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(HV) applied to nano-DMAs, RH sensors, and temperature sensors are calibrated and
verified independently.
Note that in the following, for calibration and/or checking of different parameters, the
criteria and/or standards that the nano-HTDMA system has to meet are listed mainly
according to the suggestions from Duplissy et al., (2009) and Wiedensohler et al.
(2012), which are not specifically provided for accurately measuring the size or
hygroscopic growth of sub-10 nm nanoparticles. Compared with these criteria, for
measuring the hygroscopic growth of sub-10 nm nanoparticles, we have achieved a
better condition for our nano-HTDMA system after comprehensive calibrations, as
described in the following (for more details about the performance of our system see
section 3).
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Table 1. Accuracy, precision and sources of uncertainty associated with HTDMA measurements.
Biskos et al. (2006b)
Hämeri et al. (2000)
DMA System
Type of DMA1 & DMA2
Accuracy of aerosol flow in
DMA2
Accuracy of sheath flow in
DMA2
Accuracy of DMA voltage
Sizing accuracy of DMA2
using PSL
Sizing agreement between
DMAs
using ammonium sulfate

Nano-HTDMA
(this study)

TSI nano-DMAs
±1% (0.3-1.5 l min-1)

Hauke-type DMAs
-

Vienna-type short DMAs
±1% (1.5 l min-1)

±1% (5-15 l min-1)

-

±1% (10 l min-1)

±0.1% (0-500V)
3%

-

±0.1% (0-350V)
0.4% (100-nm PSL)

3.1% (10 nm) a

±1% b

Precision of particle sizing
Humidification System
Type of RH sensor

<2%

-

0.6% (100 nm) c
0.5% (60 nm) c
1.4% (20 nm) c
0.9% (10 nm) c
-0.2% (8 nm) c
1.4% (6 nm) c
<2% (6-200 nm) d

RH sensors
(Omega; model no. HX93AV)

Dew point mirror (GE)
RH sensors
(Vaisala Humitter; model no. 50Y)

Accuracy of RH sensors

±2.5% RH

±3% RH e
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Dew point mirror (Edge)
RH sensors
(Vaisala; model no. HMT
330)
±1% (RH sensor)

(0-90% RH)
Position of the probe in the
system
RH setting
Temperature Control System
Temperature control type
Difference in T
between inlet and outlet of
DMA2

Inlet of DMA2
(RHa sensor f; RHs sensor g)
RHa=RHs

Inlet of DMA2 (RHa sensor) and excess
air
(RHs sensor; dew point mirror)
RHs≥RHa+3%

Inlet of DMA2 (RHa sensor,
RHs sensor) and excess air
(dew point mirror)
RHa=RHs

Thermally isolated environment
(humidification+DMA2)h
-

Thermally isolated
environment (DMA2)
-

Box T regulated
(humidification+DMA2)
<0.2°C

Note: the “-“ shows figures not reported. a According to the scans of the second DMA for the hygroscopic growth of 10 nm ammonium sulfate and the growth factors at different
RHs provided by Biskos et al. (2006b), we retrieved an average sizing offset of Biskos et al. (2006b) system to be ~3.1% at 10 nm (see Sect, S1). b Size range not given. c See
Table S2 in supporting information. d Value calculated according to the relative standard derivation. e From Vaisala Humitter model 50Y manual. f RHa: the RH of aerosol flow.
g

RHs: the RH of sheath flow. h Bezantakos et al. (2016).
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2.2.1 Sizing accuracy
For particle diameters higher than 100 nm, the verification of sizing accuracy of DMAs
can be accomplished by using certified particles of known sizes such as polystyrene
latex (PSL) spheres (Hennig et al., 2005; Mulholland et al., 2006; Duplissy et al., 2009;
Wiedensohler et al., 2012, 2018). The particle sizing of nano-DMA2 is checked with
PSL by switching off the sheath flow and the HV supply of nano-DMA1, which actually
in this case does not function as a DMA, but rather a stainless-steel tube. Sizing
agreement between measured diameters and nominal diameters of PSL particles above
100 nm should be within ±3% (Wiedensohler et al., 2012). After confirming the
accurate sizing of nano-DMA2, the sizing accuracy of nano-DMA1 can be, in turn,
checked by the nano-DMA2 with a full scan of a certain size of PSL spheres selected
by the nano-DMA1. Note that it is important to check not only the sizing accuracy of
both DMAs but also the sizing agreement between the nano-DMA1 and nano-DMA2.
To achieve good hygroscopicity measurements of nanoparticles, the sizing offset of the
two DMAs should be within ±2-3% (Massling et al., 2011; Zhang et al., 2016).
For nanoparticles with diameters smaller than 100 nm, the sizing accuracy is, however,
difficult to check by using PSL nanoparticles. This is mainly because the size of the
residual material in the solution also peaks around 20 – 30 nm (Fig. S2a), resulting in
an asymmetric number size distribution of generated PSL nanoparticles (Fig. S2b;
Wiedensohler et al., 2012). PSL nanoparticles with diameters below 20 nm are not
commercially available (https://www.thermofisher.com/order/catalog/product/3020A,
last access: 1 April 2020), making verifications in this size range even more impossible.
The sizing accuracy of nanoparticles is critically determined by sheath flow rates and
HV applied to the nano-DMAs. However, unlike for the 100 nm nanoparticles, a ±23% sizing offset between the two DMAs would be very difficult to maintain for
nanoparticles with diameters smaller than 20 nm. Thus, accurate calibrations of the
sheath flow rates and HV are crucial for constraining the uncertainty associated with
sizing of nanoparticles below 100 nm. The calibrations for aerosol/sheath flow, DMA
voltage, and sensors will be described in detail Sect. 2.2.2-2.2.5.
2.2.2 Aerosol and sheath flow
The sizing accuracy of a DMA directly depends on the accuracy of aerosol and sheath
flow rates. The aerosol flow rate at the inlet of the nano-DMA1 is checked by using a
bubble flow meter (Gilian; model Gilibrator-2). Wiedensohler et al. (2012)
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recommended that the measured aerosol flow rate should not deviate by more than 5 %
from the set flow rate during the measurements; otherwise, one should check the flow
rate of CPC or check if there is a leak in the system. Details about leak checking can be
found in Birmili et al. (2016).
To calibrate the sheath flow, a verified MFM (TSI; series 4000) is placed in the
recirculating sheath flow closed loop upstream of the MFM. By applying a series of
sheath flow rates, a calibration curve (flow rate vs. MFM analog output) can be obtained
according to the reading of the reference MFM. A maximum deviation of 2% from the
sheath flow rate value of the reference MFM is recommended by Wiedensohler et al.
(2012), which can keep the sizing accuracy of 200 nm PSL particles within ±2%.
2.2.3 DMA voltage
The sizing of nano-DMAs is very sensitive to the accuracy and precision of the voltages
applied, especially when measuring nanoparticles in the sub-10 nm diameter range. A
verified reference voltage meter, with voltage up to 1000 V (Prema; model no. 5000
DMM; accuracy 0.005%) is used to calibrate the HV supply of the nano-DMAs (0-350
V). By setting a series of analog voltage values, the HV applied to nano-DMA can be
calibrated according to the values shown in the reference voltage meter. For our nanoDMAs, sub-10 nm particle sizes correspond to voltage below 50 V. Thence, voltage
calibration should be performed with a higher resolution (smaller voltage interval) from
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Figure 2. An example of voltage calibration of the nano-DMA2.
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2.2.4 RH sensor
One typical method for calibrating RH sensors in a HTDMA system is measuring the
hygroscopic growth factors of ammonium sulfate (Hennig et al., 2005), although the
effects of shape factors, restructuring, and impurities in the solutions may hamper a
reliable RH calibration with this method (Duplissy et al., 2009). Moreover, this indirect
RH sensor calibration through the measurement of the hygroscopic growth factors of
ammonium sulfate (usually with nanoparticle diameters around or above 100 nm) only
calibrates the RH values higher than the ERH of the pure salt. Calibration of RHs below
the ERH of ammonium sulfate is important for the phase transition measurements. Most
importantly, we are investigating the hygroscopic growth factors of ammonium sulfate
nanoparticles. Hence, using ammonium sulfate nanoparticles to calibrate RH sensors in
our system becomes invalid.
Therefore, we alternatively calibrate the RH sensors by using a DPM (Edgetech; model
no. MIRRPR-99), which has been recommended in several previous studies (Hennig et
al., 2005; Duplissy et al., 2009; Biskos et al., 2006a, b, 2007). In the calibration, the
DPM and RH sensors should be kept in the well-insulated chamber with constant
laboratory conditions (e.g., flow rates, temperature, and pressure). By running the DPM
and all the other RH sensors in parallel at various RHs (5% to 90%), a calibration curve
of the RHs measured by the DPM against the analog voltages of RH sensor can be
obtained.
2.2.5 Temperature sensor
Since all our temperature sensors and the highly accurate DPM (Edgetech; model no.
MIRROR-99) are installed in the aforementioned well-insulated chamber, and the
chamber temperature is maintained with an air conditioner at about 292.15±0.1 K, we
calibrate the temperature sensors and correct their systematic shift by comparing the
record of the temperature sensors and the DPM by keeping them in parallel inside the
chamber over a 12-hour time period.
2.3 Particle generation
The experiments shown in this study were conducted using laboratory-generated
ammonium sulfate and sodium sulfate nanoparticles. Nanoparticles with diameters of
6, 8, and 10 nm were generated by an electrospray (AG; TSI; model no. 3480) with 1,
5, and 20 mM aqueous solution of ammonium sulfate and sodium sulfate (SigmaAldrich; 99.99%), respectively. The generated particles were then diluted and dried to
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RH below 2% by mixing them with dry and filtered N2 (1 l min-1) and CO2 (0.1 l min1

). The dried polydisperse aerosol nanoparticles were subsequently neutralized by a Po-

210 neutralizer. To avoid blocking the 25-μm capillary of the electrospray with a highconcentration solution, we used an atomizer (AG; TSI; model no. 3076) to generate
nanoparticles with diameters of 60-100 nm and 20 nm, with a 0.05 and 0.001 wt %
solution of ammonium sulfate and sodium sulfate (Sigma-Aldrich; 99.99%),
respectively. Also, 100-nm PSL nanoparticles were atomized from a PSL solution by
mixing three drops of 100-nm PSL with 300 mL distilled and deionized Milli-Q water.
The generated nanoparticles were subsequently dried to RH below 10 % with a custombuilt Nafion dryer (ND; TROPOS; model no. ND.070) and then neutralized by a Kr85
neutralizer.
The solutions used in our measurements were prepared with distilled and deionized
Milli-Q water (resistivity of 18.2 MΩ cm at 298.15 K). Note that, for 100-60 nm and
20 nm, the solution concentration was adjusted so that the sizes selected by the nanoDMA1 were always larger than the peak diameter of the number size distribution of the
generated nanoparticles to minimize the influence of the multiple charged nanoparticles
in the hygroscopicity measurements. The influence of multiple charges on sub-10 nm
particles is expected to be very small; we, however, still used different concentrations
so that the sizes selected by the nano-DMA1 were always around the peak of the
number size distribution of the nanoparticles generated by the electrospray (Fig. S3).
This was to ensure that we could have as many particles as possible to compensate the
strong loss of very small particles in the whole humidification system.

3 Results and discussion
3.1 Performance of the nano-HTDMA
3.1.1 Sizing accuracy
In this section, we show the performance of our nano-HTDMA after a full calibration,
including accuracy and stability of the aerosol and sheath flow rates, the voltage applied
to the nano-DMAs, and nanoparticle sizing accuracy. In our study, the sheath/aerosol
flow rates and nano-DMA voltage supply have been calibrated every day and every 2
weeks, respectively. The deviations of the measured aerosol/sheath flow rates from the
set-point values are less than ±1%, which is lower than the maximum variation of 2%
recommended by Wiedensohler et al. (2012).
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The voltage applied to the nano-DMAs (up to 350 V) is kept within ±0.1% around the
set value shown in the voltage meter. As shown in Fig. 3a, when testing with 100-nm
PSL nanoparticles, the average peak diameter of scans from the nano-DMA2 is 100.4
nm, which matches well with the mean diameter of PSL nanoparticles (100±3 nm,
Thermo Fisher Scientific Inc.). Afterwards, when using nano-DMA1 to select 100 nm
PSL, the scanned size distribution by nano-DMA2 has a peak diameter at 100.3 nm
(Fig. 3b), indicating a good sizing accuracy of the nano-DMA1 too. As discussed in
Sec. 2.2.1, it is difficult to verify the sizing accuracy of sub-100 nm aerosol
nanoparticles using PSL nanoparticles. Duplissy et al. (2009) and Wiedensohler et al.
(2012) suggested estimating the sizing accuracy of sub-100 nm nanoparticles through
the DMA transfer function. The theoretical DMA transfer function (see SI. S2. Eq. (S2S4)) was proposed by Knutson and Whitby (1975) and they noted that sizing is crucially
dependent on flow rates and HV applied to the DMA. In our study, the flow accuracy
calibrated by the mass flow meter (TSI series 4000) is within ±2%. The variation in
voltage applied to the nano-DMAs (0-12500 V, 0-350 V) around the set value was
measured with voltage power supply (HCE 0-12500; HCE 0-350; Fug Electronic) and
is summarized in Table S5. According to the error propagation formula (see SI. S2. Eq.
(S5)) (Taylor and Taylor, 1997), the calculated uncertainty in the sizing of 6-100 nm
nanoparticles increases as size decreases (Table S5). The estimated sizing accuracy is
slightly smaller than the sizing offset of the two nano-DMAs, but in principle they are
still consistent with each other. This suggests that uncertainties in slip correction, DMA
dimensions (inner and outer radius and length), temperature, pressure, and viscosity of
air may also affect the sizing accuracy (see SI. S2. Eq. (S4); Kinney et al., 1991).
Besides, Wiedensohler et al. (2012) also suggested that particle losses and the size- and
material-dependent CPC counting efficiency can affect the size accuracy of DMAs.
After calibration, on average a <1.4% sizing offset between the two nano-DMAs can
be achieved for ammonium sulfate nanoparticles with dry diameters of 100 nm, 60 nm,
and 20 nm (Fig. 3c, Fig.5, S4, and S5; Table S3), which is much better than the 2-3%
criteria recommended by Massling et al. (2011) and Zhang et al. (2016). For sub-10
nm ammonium sulfate nanoparticles, our system has an average sizing offset of <0.9%
for 10 and 8 nm particles and ~1.4% for 6 nm particles, respectively (Fig. 3d, 5, and
S6; Table S3). As discussed above, uncertainties in the sheath flow rates and nanoDMA voltages will increase as size decreases, which results in a larger sizing offset of
31

6-nm nanoparticles compared with other sizes. Note that we also tested the calibration
of the DMA voltage with a voltage meter with lower accuracy of ±1%, and the DMA
voltages can only be kept within ±1% around the set value. In this way, we found a
much larger sizing offset for the sub-10 nm particles, i.e., 5.4% and 6.0% for 8 and 6
nm ammonium sulfate nanoparticles, respectively. These results show that maintaining
an accurate sheath/aerosol flow (with ±1% around the set value) together with a careful
voltage calibration (with ±0.1% around the set value, especially in low-voltage range,
i.e., <50 V for our system) is the key for accurate sizing of sub-10 nm nanoparticles.
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Figure 3. Sizing accuracy and sizing offset of nano-DMAs after calibration. (a) Normalized number size
distribution scanned by the nano-DMA2 for 100-nm PSL nanoparticles (black solid square). Normalized
number size distributions scanned by the nano-DMA2 for 100-nm PSL nanoparticles (b) and 60-nm (c)
and 10-nm (d) ammonium sulfate (AS) selected by the nano-DMA1 at RH below 5% at 298 K (black
solid square). The dotted lines mark the diameters of the monodispersed nanoparticles selected by the
nano-DMA1, i.e., 100 nm in (b), 60 nm in (c), and 10 nm in (d). The black solid lines mark the peak
diameters from the Gaussian fits (red curve).
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3.1.2 Preventing predeliquescence in the deliquescence measurement mode
Predeliquescence of dry nanoparticles in the deliquescence measurement mode is an
important issue that needs to be resolved in order to obtain accurate DRH (Biskos et
al., 2006b; Duplissy et al., 2009; Bezantakos et al., 2016; Hämeri et al., 2000). Since
temperature and RH are closely linked and accurate monitoring of these two quantities
in the system is critical for nano-HTDMA measurements, we calibrated all RH and T
sensors regularly (every 2 weeks in this study). To prevent predeliquescence and to
optimize the system, we have conducted three tests using ammonium sulfate
nanoparticles with a dry diameter of 100 nm. In the first test, we regulated the RH of
the excess flow (RHe) and made it equal to that of the aerosol flow at the inlet of nanoDMA2 (RHa), i.e., RHe=RHa, as done by previous HTDMA measurements (e.g., Villani
et al., 2008). As shown in Fig. 4a, the measured growth factors of 100-nm ammonium
sulfate are in good agreement with predictions of the Extended Aerosol Inorganics
Model (E-AIM; Clegg et al., 1998) at RH above 80 %. However, the ammonium sulfate
nanoparticles deliquesce at 75 % RH, which is significantly lower than the expected
DRH (80%; Tang and Munkelwitz (1994)). Since our RH sensors were all well
calibrated, and the uncertainty of RH measurement is ±1%, it is reasonable to
hypothesize that the RH upstream of nano-DMA2 has already reached the
deliquescence RH of ammonium sulfate nanoparticles. When these aerosol
nanoparticles move downstream of the nano-DMA2, the RH decreases back to 75 %,
which dehydrates the deliquesced ammonium sulfate nanoparticles. To avoid the
predeliquescence, Hämeri et al. (2001) have suggested setting RHa to be 3-5% lower
than RHe. In the second test, we configured and regulated the system following this
suggestion, i.e., RHeRHa+3%. In this case, the ammonium sulfate nanoparticles still
deliquesce at 79 % RH (Fig. 4b), even if RHa is 6 % lower than RHe.
Previous studies (Biskos et al., 2006b; Bezantakos et al., 2016) have shown that RH
nonuniformities within the nano-DMA2 can result in inaccurate measurements of the
phase transition and hygroscopic growth of aerosol nanoparticles. One reason for RH
nonuniformities within nano-DMA2 is that the sheath flow RH is different from the
aerosol flow RH at the inlet of the DMA (Hämeri et al., 2000, 2001). Another important
reason is the existence of the temperature gradient within nano-DMA2 (Bezantakos et
al., 2016). Hence, in the third test, we moved the RH sensor from the excess flow
downstream of the nano-DMA2 to the sheath flow upstream of the nano-DMA2 and
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then regulated RH of sheath flow (RHs) to be the same as RHa (shown in Fig. 1); i.e.,
RHs=RHa, as done by Kreidenweis et al. (2005), Biskos et al. (2006a, b), and Massling
et al. (2011). Note that, to minimize the temperature gradient within the nano-DMA2
in our system so that nanoparticles can undergo almost the same RH conditions, the
nano-DMA2 with its sheath flow humidification system has been placed in a wellinsulated air-conditioned chamber. The air temperature inside the chamber can be
maintained at an almost constant level (292.15±0.1 K). In addition, a heat exchanger
was installed downstream of the recirculation blower to minimize the temperature
perturbation in the sheath flow by the heat generated in the RB. Unlike previously
reported by Bezantakos et al. (2016), who said that the RH at the outlet was higher than
at the inlet of the sheath air, we monitored the sheath flow temperature at the inlet of
nano-DMA2 so that it was slightly lower (less than ~0.2 K) than that at the outlet (i.e.,
the RHs at the inlet of nano-DMA2 is slightly higher (~ 1%) than the RH of the excess
air at the outlet), while the temperature of the sheath flow was equal to that of the
aerosol flow at the inlet of nano-DMA2 during the measurements. A small temperature
difference in nano-DMA2 is more likely due to the heat transfer between the inner
electrode and air which flows around it by convection/conduction (Bezantakos et al.,
2016). The plausible reason for this could be that when charged nanoparticles (similar
to the electric current) hit the inner electrode, the inner electrode has some resistive
heating from the electric current that flows. Such a temperature difference/gradient
within DMA was observed in previous studies (Biskos et al., 2007; Villani et al., 2008;
Duplissy et al., 2009; Bezantakos et al., 2016; Giamarelou et al., 2018). For example, a
±0.5 °C temperature difference within DMA was observed by Giamarelou et al. (2018)
during the measurements. Except for the possibly slightly higher temperature of the
inner electrode than the surrounding air, the temperature gradient in DMA2 may also
be caused by environmental disturbances or temperature differences between other
parts of DMA and between sheath flow and aerosol flow. In this study, we calculate the
change in heat (𝑄) of a nano-DMA2 system at a constant pressure, which is estimated
to be ~0.08 W (𝑄 = 𝑚𝑑𝑇𝐶𝑝,𝑘 ) by considering the density and heating capacity of air
and aerosol and sheath air flow rate (ρ=1.2041 kg/m3; Cp= 1.859 kJ/kg°C; Atkins et al.,
2006). Although this temperature perturbation (less than ~0.2 K between the sheath
flow at the inlet and the excess flow at the outlet of the nano-DMA2) is larger than the
ideal condition of less than 0.1 K that Duplissy et al. (2009) and Wiedensohler et al.
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(2012) suggested, our experimental results show that a prompt phase transition can still
be achieved. In this case, the measured DRH of ammonium sulfate nanoparticles is
almost at 80 % (Fig. 4c and 4d).
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Figure 4. Mobility diameter hygroscopic growth factors (gf) of 100-nm ammonium sulfate (AS)
nanoparticles at 298 K measured in deliquescence mode. In comparison, the E-AIM model predicted
growth factors of ammonium sulfate nanoparticles at 100 nm. (a) RHe=RHa (75%, 75%) represents the
RHe and RHa; (b) RHe≥RHa+3% (75%, 72%) represents the RHe,and RHa; and (c) RHs = RHa. (d) The
enlarged view of the RH range of 70% to 84% in Fig. 4c. The (80%, 80%) points represent the RHs, and
RHa. RHs and RHe are the RH of sheath flow in the inlet of nano-DMA2 and in the excess air line,
respectively. RHa is the RH of aerosol flow in the inlet of nano-DMA2.

3.1.3 Prompt phase transition of ammonium sulfate
Figure 5 and 6 show the normalized particle number size distributions measured by the
nano-DMA2 in the respective deliquescence and efflorescence measurement modes for
ammonium sulfate nanoparticles with dry mobility diameters of 20 nm, 10 nm, and 6
nm (see Fig. S4 for 100 nm; see Fig. S5 for 60 nm; see Fig. S6 for 8 nm). In the
deliquescence measurement mode (Fig. 5, Fig. S4a, and Fig. S5a), we observed a
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similar double-mode phenomenon to that reported by Mikhailov et al. (2004) and
Biskos et al. (2006b, 2007). For example, at 20 nm there are two distinct intersecting
modes of particle size distributions determined by the nano-DMA2 in the RH range
from 79% to 83% RH (around the DRH of ammonium sulfate). Biskos et al. (2006b,
2007) attributed these two modes to the coexistence of solid and liquid phase
nanoparticles at RH close to the DRH of ammonium sulfate. This is due to the slight
inhomogeneity of RH in the second nano-DMA, i.e., some nanoparticles have already
undergone deliquescence (liquid state) and some have not (solid). This is evident
through a double-mode log-normal fitting (red and blue modes in Fig. 5). Until RH
~82 %, the peak diameter of the red mode at 82 % RH is similar to that at 11 % RH,
indicating that these nanoparticles are still in a solid state. At 82% RH, a population of
ammonium sulfate nanoparticles starts to deliquesce and exists in a distinct mode with
significantly larger peak diameter (blue mode), although the majority of the
nanoparticles remain solid (red mode). As RH further increases, the peak diameter of
the normalized number size distribution of the blue mode increases, indicating the
continuous growth of the nanoparticles after deliquescence. However, in our case, the
double-mode phenomenon was not observed for 8 and 6 nm ammonium sulfate
nanoparticles (Fig. 5 and Fig. S6a). To have a better estimation of DRH when the
double modes occurred, the peak diameter of the mode with the larger number of
nanoparticles was chosen for growth factor calculation (Biskos et al., 2006b, 2007). For
example, for 20 nm ammonium sulfate nanoparticles, the peak diameters of the
normalized number size distribution of the red and blue modes are used to calculate the
growth factor at RH between 79 % to 83 %, respectively.
For the efflorescence measurement mode, we adopted the approach of Biskos et al.
(2006b) and used the geometric standard deviation of the number size distribution (e.g.,
sigma-σ) to quantify the diversity in the sizes of the nanoparticles. As shown in Fig. 6,
Fig. S4b, Fig. S5b, and Fig. S6b, a broadening of the normalized number size
distributions measured with nano-DMA2 was only observed for 20-nm ammonium
sulfate nanoparticles in the RH range from 33 % to 30 %. There, at RH higher than
33 % or lower than 30 %, σ stays stable at 1.072. However, clear increases in σ (1.0781.087) were observed for RH between 33 % and 30 %. The normalized number size
distributions in the RH range from 33 % to 30 % can be further resolved by doublemode fit with a fixed σ of 1.072 (the red and the blue mode in Fig. 6 for 20 nm). The
36

ammonium sulfate nanoparticles in the red mode at RH between 33 % and 30 % are in
the solid state because the peak diameter of red mode is similar to that at 11 % RH.
However, within this RH range, the peak diameter of the blue mode is significantly
larger, indicating that these nanoparticles are still in the liquid state. Further decreasing
RH (lower than 30 %) leads to only one mode being observed and the peak diameter of
the normalized number size distribution is almost unchanged as RH decreases (red
mode in Fig. 6 for 20 nm), which means that the nanoparticles have all been in the solid
state. Similar to the deliquescence measurement shown above and in Fig. 5, the
coexistence of solid and aqueous phase nanoparticles at RH 30-33 % is also very likely
to stem from the slightly heterogeneous RH in nano-DMA2 (Biskos et al., 2006b). To
have a better estimation of ERH when the broadening phenomenon exists, the peak
diameter of the mode with the larger number of nanoparticles was used for the growth
factor calculation. After such data processing in both the deliquescence and
efflorescence modes, we obtained prompt deliquescence and efflorescence of 6 to 100
nm ammonium sulfate nanoparticles (more details in Sect 3.1.4).
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Figure 5. Deliquescence-mode measurements of ammonium sulfate (AS) aerosol nanoparticles with dry
mobility diameter from 20-6nm. The measured (black circles) and fitted (solid lines) normalized size
distribution are shown for increasing RH. The red and blue lines represent the aerosol nanoparticles in
the solid and liquid state, respectively. The RH history in each measurement is 5% → X%, where X is
the RH value given in each panel.

Figure 6. Efflorescence-mode measurements of ammonium sulfate (AS) aerosol nanoparticles with a
dry mobility diameter from 20-6nm. The measured (black circles) and fitted (solid lines) normalized size
distribution are shown for increasing RH. The red and blue lines represent the aerosol nanoparticles in
the solid and liquid state, respectively. The RH history in each measurement is 5%→97%→X%, where
X is the RH value given in each panel.

3.1.4 Size-dependent hygroscopicity of ammonium sulfate nanoparticles
Figure 7 shows the humidogram of ammonium sulfate nanoparticles measured by our
nano-HTDMA system in the size (dry diameter) range of 6-100 nm. The detailed
38

comparison between our results and those of Biskos et al. (2006b) during both
deliquescence and efflorescence measurements is presented in Fig. 8a and b (also Fig.
S7). In general, our results are in good agreement with the measurement results of
Biskos et al (2006) and the theoretical prediction by Cheng et al. (2015). First, there is
a strong size dependence in the hygroscopic growth factor of ammonium sulfate
nanoparticles, and smaller ammonium sulfate nanoparticles exhibit a lower growth
factor at a certain RH. For example, the difference in the growth factor between 6 and
100 nm nanoparticles is up to 0.28 at 80 % RH (Fig. S8a). Second, there is, however,
no significant size dependence in both DRH and ERH (Fig. S8b). For nanoparticles of
different sizes (6-100 nm), the DRH and ERH of ammonium sulfate varies slightly from
~80 % to 83 % and ~30 % to 34 %, respectively. This variation in the DRH and ERH
with respect to the size is much smaller for ammonium sulfate nanoparticles than for
sodium chloride (Biskos et al. 2006a, 2007).
Although our results in general agree well with Biskos et al. (2006b), the growth factors
of 10, 8, and 6 nm ammonium sulfate nanoparticles that we measured at high RH (i.e., >
~70 %) are slightly lower (~0.02 in growth factor) than those in Biskos et al. (2006b)
in both deliquescence and efflorescence processes (Fig. 8b and Fig. S7). We calculated
the uncertainties in the growth factor of 10-nm ammonium sulfate from 80 % to 90 %
RH for our system and the Biskos et al. (2006b) system with the following:
√((𝑔𝑓

√2Ɛ𝐷𝑝
𝐷𝑝

2

𝑑𝑔

2

) + (Ɛ𝑅𝐻 𝑑𝑅𝐻𝑓 ) , ) (Mochida and Kawamura, (2004)). Here, ƐDp, ƐRH,

and gf are the uncertainty of the particle mobility diameter, the uncertainty of relative
humidity, and the growth factor with respect to RH, respectively. The average sizing
offsets of our system, and the system of Biskos et al. (2006b) for 10 nm ammonium
sulfate are taken here as

Ɛ𝐷𝑝
𝐷𝑝

(see Table 1). As shown in the inset of Fig. 8b, the

discrepancies between the two systems are still within the measurement uncertainty.
In addition, compared to Biskos et al. (2006b), our results show a similar restructuring
in the deliquescence mode at RH between about 20 % and 75 % for 100 and 60 nm
ammonium sulfate nanoparticles (Fig 8c). However, different to Biskos et al. (2006b),
we do not find restructuring for smaller ammonium sulfate nanoparticles (20, 10, 8, and
6 nm) at RH below the deliquescence point (Fig. 8c and Fig. 8d). There seems to be
continuous water adsorption, and the adsorbed water layers (Romakkaniemi et al.,
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2001) become significantly thicker when RH is closer to the DRH (i.e, RH > 70 %).
For example, a slight increase in the hygroscopic growth factor of 6-nm ammonium
sulfate nanoparticles is observed in the RH range from 65 % to 79 % RH before
deliquescence. This is attributed to water adsorption on the surfaces of these
nanoparticles. It seems that smaller nanoparticles have a stronger tendency to adsorb
water when approaching the DRH than the larger ones. A similar phenomenon was also
observed by Hämeri et al. (2000, 2001), Romakkaniemi et al. (2001), Biskos et al.
(2006a, b, 2007), and Giamarelou et al. (2018). The reason for such enhanced
adsorption at smaller sizes still needs to be investigated. Note that the ammonium
sulfate hygroscopic data from Biskos et al. (2006b) shown here are all generated by an
electrospray, but in our experiments, only the ammonium sulfate nanoparticles with
diameters smaller than 20 nm (i.e., 10, 8, and 6 nm) were generated by an electrospray,
while the larger nanoparticles (i.e., 20, 60, and 100 nm) were generated by an atomizer.
Different from the generation conditions of for 6-10 nm ammonium sulfate
nanoparticles in Biskos et al. (2006b), in our study, in order to minimize the multiple
charged nanoparticles, three different concentrations were used so that the size selected
by the nano-DMA1 (i.e., 6, 8, and 10 nm) was always slightly larger than peak of the
number size distribution of the nanoparticles generated by the electrospray. This also
helps us to have as many as nanoparticles as possible to compensate for the strong
nanoparticle losses in the nano-HTDMA system. In addition, we used both an
electrospray and an atomizer to generate 20-nm ammonium sulfate, and we compared
their hygroscopic growth factors prior to deliquescence. Figure S12a shows a ~ 0.1
higher growth factor of 20 nm ammonium sulfate generated by the electrospray than
when using the atomizer in the RH range from 55 % to 82 %, which is similar to the
difference in the hygroscopic growth factor of 20 nm NaCl aerosol nanoparticles when
using the different generation methods, shown in Fig S12b in Biskos et al. (2006a).
Besides different generation conditions, the morphology of the dried ammonium sulfate
particles may also differ slightly between our study and Biskos et al. (2006) because of
the different dying rate, as the drying flow rates and RH of the dried ammonium sulfate
in the two HTDMA systems are different too. This means the different generation
methods and drying conditions may influence the surface structure of the nanoparticles
and, thus, their interaction with the adsorbed water layers (Iskandar et al., 2003; Wang
et al., 2019).
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Figure 7. Mobility diameter hygroscopic growth factors (gf) of ammonium sulfate (AS) aerosol
nanoparticles with dry mobility diameter from 6 to 100 nm in the deliquescence mode (red square and
error bar) and the efflorescence mode (royal blue square and error bar). Deliquescence and efflorescence
relative humidity (DRH and ERH; black dashed line) of ammonium sulfate (AS) nanoparticles with dry
mobility diameter from 6 to 100 nm.
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Figure 8. (a-b) Mobility diameter hygroscopic growth factors (gf, black squares), deliquescence and
efflorescence relative humidity (DRH and ERH; black dashed lines) of ammonium sulfate (AS)
nanoparticles with a dry diameter of 60 and 10 nm, respectively. Red squares and red dashed lines show
the respective results from Biskos et al. (2006b), respectively. Black and red uncertainties of growth
factors at certain RH are calculated by the following: √((𝑔𝑓

√2Ɛ𝐷𝑝
𝐷𝑝

2

) + (Ɛ𝑅𝐻

𝑑𝑔𝑓 2
𝑑𝑅𝐻

) ), where ƐDp, ƐRH,

and gf are the uncertainty of particle mobility diameter, the uncertainty of relative humidity, and the
growth factor with respect to RH, respectively (Mochida and Kawamura 2004). (c-d) Comparison of
growth factors of ammonium sulfate (AS) nanoparticles with a dry diameter range from 6 to 100 nm,
with Biskos et al. (2006b) prior to deliquescence of ammonium sulfate nanoparticles.

3.2 Size-dependent hygroscopicity of sodium sulfate nanoparticles
As it is a common constituent of atmospheric aerosol particles (Tang and Munkelwitz,
1993, 1994; Tang 1996; Tang et al., 2007), the hygroscopicity of sodium sulfate with
diameters above 20 nm particles has been investigated by a few groups (Tang et al.,
2007; Xu and Schweiger, 1999; Hu et al., 2010). However, its hygroscopic behavior in
the sub-10 nm size range has not been investigated yet. In this study, we applied our
nano-HTDMA system to measure the hygroscopic growth factors, DRH, and ERH of
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sodium sulfate nanoparticles with a dry size from 20 nm down to 6 nm.
Figure 9 shows the measured size-resolved hygroscopic growth factors of sodium
sulfate nanoparticles. Different from the observations by Tang et al. (1995) using an
electrodynamic balance (EDB), we observed a prompt deliquescence and efflorescence
for both 20-nm and 6-nm sodium sulfate nanoparticles. Two intersecting modes in the
measured number size distribution of the humidified sodium sulfate nanoparticles are
observed at RH close to the DRH (Fig. S9 and S10 in the Supplementary Information)
and at ERH, suggesting an external mixture of aqueous and solid nanoparticles. As
shown in Sect. 3.1.3, a similar phenomenon is also observed for ammonium sulfate,
which could be attributed to the slight RH heterogeneities in nano-DMA2; this makes
only part of the nanoparticles deliquesce at RH close to the DRH, while the others
remain in the solid state.
Together with the hygroscopic growth of 14-16 µm and 200-20 nm sodium sulfate
measured previously by Tang et al. (1995) and Hu et al. (2010), we show a strong size
dependence in hygroscopic growth factors of sodium sulfate nanoparticles (Fig. S11d).
For example, at RH=84%, the hygroscopic growth factor of 6 nm sodium sulfate is only
~ 1.3 (in efflorescence mode), while the respective growth factors are about 1.5 and 1.8
for 20 nm and 14-16 µm particles. As shown in Fig. 9, E-AIM already agrees well with
the hygroscopic growth of micrometer particles (14-16 µm) without shape correction
(DeCarlo et al., 2004), i.e., shape factor () of 1.0. However, to explain observation, a
shape factor of ~1.16 and 1.26 would be needed for 20 nm and 6 nm sodium sulfate
nanoparticles, respectively.
There is no significant change in DRH between 14-16 µm (~84 %) and 20 nm (~84 %)
sodium sulfate particles (Fig. 9). This is consistent with Hu et al. (2010) where no
change in DRH, from 200 nm down to 20 nm (~82 %; see Table 1 from Hu et al.
(2010)), was observed. However, a significant increase in DRH occurred when further
decreasing particle diameters to 6 nm (DRH = ~90 %). The size dependence of ERH is
stronger than that of DRH, as there is already a clear increase in ERH from micrometer
14-16 µm (~57 %) to 20 nm (~62 %) sodium sulfate particles. When further reducing
the particle diameters to 6 nm, an almost 6% increase in DRH can be found, compared
to the micrometer 14-16 µm particles (i.e., ERH increases from 57 % to 82 %,
respectively). Different from ammonium sulfate, for which DRH and ERH show no
significant size dependence, there is a strong size dependence in the DRH and ERH of
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sodium sulfate according to our observations down to 6 nm. The difference in the size
dependence of DRH and ERH between sodium chloride and ammonium sulfate has
been theoretically studied and explained by Cheng et al. (2015). The main reason is the
different concentration dependence of the solute activities and the different solid-liquid
surface tension (e.g., the same change in solute molality leads to a larger change in the
solute activity of sodium chloride than that of ammonium sulfate). The phase transition
concentration (deliquescence and crystallization concentration) of ammonium sulfate
is thus more sensitive to the size change compared to that of sodium chloride, leading
to the almost unchanged DRH and ERH of ammonium sulfate nanoparticles (Cheng et
al., 2015). For the size dependence of the phase transition of sodium sulfate, the strong
size effect on DRH and ERH is similar to that of sodium chloride but different from to
that of ammonium sulfate in the size range from 6 to 20 nm, suggesting that the
nonideality of the solution property is close to that of sodium chloride but weaker than
that of ammonium sulfate. As different hydrates of sodium sulfate may exist during the
deliquescence and efflorescence processes (Xu and Schweiger, 1999), explaining the
underlying mechanism of the size-dependent hygroscopicity of sodium sulfate particles
can be challenging.
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Figure 9. Mobility diameter hygroscopic growth factors (gf) and deliquescence and efflorescence relative
humidity (DRH and ERH; red and blue dashed lines) of sodium sulfate nanoparticles with a dry diameter
of 20 nm (red squares) and 6 nm (blue squares), respectively. Black squares and black dashed lines show
the respective results from Tang et al. (1995) with electrodynamic balance (EDB), respectively. In this
study, the black, red, and blue curves show the E-AIM predictions, including the Kelvin effect and shape
factors (χ).
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Table S1: Deliquescence and efflorescence relative humidity of ammonium sulfate below 100 nm reported by difference studies in temperature
ranging from 290-300K
Deliquescence
humidity (DRH)

relative Efflorescence
humidity (ERH)

relative Technique

Reference

(initial particle size)

80-86%* (8 nm)

HTDMA

Hämeri et al. (2000)

80-85%* (10 nm)

(8.10,15,30,50 nm)

(cf. Figure 2a, 2b, 2c, 2d, and 2e)

HTDMA

Gysel et al. (2002)

(100 nm)

(cf. Figure 2)
Biskos et al. (2006b)

80-90%* (15 nm)
78-80%* (30 nm)
76-79%* (50 nm)
76-80%*

65%*

82% (6 nm)

34% (6 nm)

HTDMA

81% (8 nm)

33% (8 nm)

(6,8,10,20,40,60 nm)

80% (10 nm)

35% (10 nm)

82% (20 nm)

35% (20 nm)

80% (40 nm)

36% (40 nm)

80% (60 nm)

33% (6 nm)

-

27-31%* (43.7 nm)

HTDMA

Gao et al. (2006)

21-30.7%* (47 nm)

(43.7,47 nm)

(cf. Figure 5)
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78-81%*

77-78%*

78-80%*

-

-

29-34%*

HTDMA

Duplissy et al. (2009)

(100 nm)

(cf. Figure 4)

HTDMA

Duplissy et al. (2009)

(100 nm)

(cf. Figure 4)

HTDMA

Mikhailov et al. (2009) (cf. Fig4)

(100 nm)
77-78%

-

HTDMA

Wu et al. (2011)

(100 nm)
-: Not reported
*: Data retrieved from figures in the references
80-86%: Non-prompt deliquescence of 8-nm ammonium sulfate from 80% to 86% RH
27-31%: Non-prompt efflorescence of 43.7-nm ammonium sulfate from 31% to 27% RH
82%: Prompt deliquescence of 6-nm ammonium sulfate at 82% RH
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Table S2. Residence time (s) for the water equilibrium for particles with diameter
ranging from 6 to 100 nm particles at RH=90% at 25°C
χ

1

0.1

0.01

0.001

100nm

6.26 x10-6

3.55 x10-5

3.12x10-4

0.00310

60nm

6.04 x10-6

3.34 x10-5

3.07x10-4

0.00300

20nm

6.03 x10-7

5.17 x10-6

5.08x10-5

5.07x10-4

10nm

1.88 x10-7

1.74 x10-6

1.73x10-5

1.72x10-4

8nm

3.10x10-8

1.93x10-7

1.82x10-6

1.81x10-5

6nm

1.48x10-8

1.08x10-7

1.04x10-6

1.03x10-5

Table S3. Average sizing offset between nano-DMAs in the nano-HTDMA system at
RH below 10%
Average sizing offset (nm)a

Size agreement between
nano-DMA1 and
nano-DMA2b

100-nm (NH4)2SO4

0.619

0.619%

60-nm (NH4)2SO4

0.299

0.498%

20-nm (NH4)2SO4_

0.278

1.39%

10-nm (NH4)2SO4

0.0896

0.897%

8-nm (NH4)2SO4

-0.0160

-0.200%

6-nm (NH4)2SO4_

0.0840

1.40%

̅ 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝑛𝑎𝑛𝑜−𝐷𝑀𝐴2 − 𝐷𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑛𝑎𝑛𝑜−𝐷𝑀𝐴1 )
from (𝐷
b
̅ 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝑛𝑎𝑛𝑜−𝐷𝑀𝐴2 − 𝐷𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑛𝑎𝑛𝑜−𝐷𝑀𝐴1 )/ 𝐷𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑛𝑎𝑛𝑜−𝐷𝑀𝐴1 ]×100%
Calculation from [(𝐷
a Calculation
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Table S4. The values of Dm, gf, and Dm (< 5% RH) of 10-nm ammonium sulfate of
Biskos et al. (2006b) system in the different RHs.
Relative humidity
Dm
gf
Dm (<5 % RH)
25%

10.4

0.991

10.5

76%

10.4

1.02

10.2

78%

10.5

1.03

10.3

80%

13.3

1.29

10.3

44%

11.6

1.12

10.3

35%

11.2

1.08

10.4

34%

10.6

1.01

10.5

32%

10.2

1.00

10.2

31%

10.2

1.00

10.2

30%

10.4

1.00

10.4

29%

10.3

1.00

10.3

24%

10.3

0.997

10.3

Table S5. Uncertainties of nano-DMA voltage (V) and sheath flow rates (Qsh), and
calculated size uncertainty.
Size (nm)

Uncertainties in V and Qsh

Uncertainty
(Sizing accuracy)

100

2.65×10^3±0.0259 V, 10±0.0200 L min-1 0.200%

60

1.06×10^3±0.0269 V, 10±0.0200 L min-1 0.200%

20

1.31×10^2±0.0152 V, 10±0.0200 L min-1 0.200%

10

3.37×10^1±0.0244 V, 10±0.0200 L min-1 0.213%

8

2.16×10^1±0.0373 V, 10±0.0200 L min-1 0.264%

6

1.22×10^1±0.0692 V, 10±0.0200 L min-1 0.601%
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Figure S1. Methods for measuring hygroscopicity of atmospheric aerosol particles in different size (Dp).
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Figure S2. (a) Number concentration scanned for water nanoparticles by the nano-DMA2 at RH below
5 % at 298 K. (b) Normalized number size distribution scanned for 22-nm PSL nanoparticles by nanoDMA2 after calibration.
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Figure S3. Number size distribution of ammonium sulfate (AS) nanoparticles (black solid square)
generated by the electrospray. (a) 20mM, (b) 5mM, and (c) 1mM AS solution. The dotted line marks
peak diameter from the Gaussian fits for the scan (red curve). The black solid lines mark the diameters
of the monodispersed nanoparticles selected by the nano-DMA1.
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Figure S4. Deliquescence-mode (a) and efflorescence-mode (b) of 100-nm ammonium sulfate (AS)
aerosol nanoparticles. The measured (black square) and fitted (solid lines) normalized size distribution
are shown for increasing RH (5%→X%, where X is the RH value given in each panel) and decreasing
RH (5%→97%→X%, where X is the RH value given in each panel), respectively. The red and blue lines
represent

the

aerosol

nanoparticles

in

the
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solid

and

liquid

state,

respectively.

Figure S5. Deliquescence-mode (a) and efflorescence-mode (b) of 60-nm ammonium sulfate (AS)
aerosol nanoparticles. The measured (black square) and fitted (solid lines) normalized size distribution
are shown for increasing RH (5%→X%, where X is the RH value given in each panel) and decreasing
RH (5%→97%→X%, where X is the RH value given in each panel), respectively. The red and blue lines
represent the aerosol nanoparticles in the solid and liquid state, respectively.
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Figure S6. Deliquescence-mode (a) and efflorescence-mode (b) of 8-nm ammonium sulfate (AS) aerosol
nanoparticles. The measured (black square) and fitted (solid lines, single-mode log-normal fit)
normalized size distribution are shown for increasing RH (5%→X%, where X is the RH value given in
each panel) and decreasing RH (5%→97%→X%, where X is the RH value given in each panel),
respectively. The red and blue lines represent the aerosol nanoparticles in the solid and liquid state,
respectively.
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Figure S7. Mobility-diameter hygroscopic growth factors (gf, black squares), deliquescence and
efflorescence relative humidity (DRH&ERH, black dashed lines) of ammonium sulfate (AS)
nanoparticles with dry diameter from 6 to 100 nm, respectively. Red squares and dashed lines show the
respective results from Biskos et al. (2006b).
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Figure S8. (a) Comparison of mobility-diameter hygroscopic growth factors (gf) of 100-nm (black
square) with 6-nm (red square) ammonium sulfate (AS) nanoparticles. (b) Dependence of deliquescence
and efflorescence relative humidity (DRH&ERH) of ammonium sulfate (AS) on dry volume equivalent
diameter (Dve). The measured DRH and ERH of ammonium sulfate within RH uncertainty (black line +
black square) compared with data from Biskos et al. (2006b) (red square) in the volume equivalent
diameter with shape factor (χ=1.02) range from 5 to 100 nm.
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Figure S9. Deliquescence-mode (a) and efflorescence-mode (b) of 20-nm sodium sulfate aerosol
nanoparticles. The measured (black square) and fitted (solid lines) normalized size distribution are shown
for increasing RH (5%→X%, where X is the RH value given in each panel) and decreasing RH
(5%→97%→X%, where X is the RH value given in each panel), respectively. Red/blue solid line is
fitted by a single-mode log-normal fit. Red, blue, and black lines are fitted by a double-mode log-normal
fit. The red and blue lines represent the aerosol nanoparticles in the solid and liquid state, respectively.
The voltage applied to the nano-DMAs (0-12500 V) is kept within ±1% around the set value shown in
the voltage meter.
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Figure S10. Deliquescence-mode (a) and efflorescence-mode (b) of 6-nm sodium sulfate aerosol
nanoparticles. The measured (black square) and fitted (solid lines) normalized size distribution are shown
for increasing RH (5%→X%, where X is the RH value given in each panel) and decreasing RH
(5%→97%→X%, where X is the RH value given in each panel), respectively. Red/blue solid line is
fitted by a single-mode log-normal fit. Red, blue, and black lines are fitted by a double-mode log-normal
fit. The red and blue lines represent the aerosol nanoparticles in the solid and liquid state, respectively.
The voltage applied to the nano-DMAs (0-350 V) is kept within ±1% around the set value shown in the
voltage meter.
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Figure S11. (a) Comparison of mobility-diameter hygroscopic growth factors (gf) of 20-nm (a) and 60nm (b) ammonium sulfate (AS) nanoparticles with Biskos et al. (2006b) and Hu et al. (2010). (black
squares: in this study; red square: Biskos et al. (2006b); blue square: Hu et al. (2010)). (c) Comparison
of mobility-diameter hygroscopic growth factors of 20-nm Na2SO4 nanoparticles with Hu et al. (2010).
(black squares: in this study; red square: Hu et al. (2010)). (d) Mobility-diameter hygroscopic growth
factors of Na2SO4 nanoparticles with diameter from 6 nm to 14~16 um at 84% RH (black solid squares:
in this study; black open square: Hu et al. (2010); black open cycle: Tang et al. (1995)). A fitting equation
(𝑔𝑓 =

1.804
1+(0.5267∗𝐷)−0.8194

) based on this study at 6-nm, 20-nm Na2SO4, and 14~16 um data from Tang et

al. (1995).
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Figure S12. Hygroscopic growth factors of 20-nm (a) ammonium sulfate (AS) nanoparticles from our
study and (b) sodium chloride (NaCl) nanoparticles from Biskos et al. (2006a) using the different
generation methods prior to deliquescence of ammonium sulfate.
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S1. Calculation of average sizing offset of 10-nm AS
The mobility growth factor (gf) is given by:
𝑔𝑓 = 𝐷

𝐷𝑚 (𝑅𝐻)

(S1)

𝑚 (<10 % 𝑅𝐻)

gf was from the data of Biskos et al. (2006b) in the different RHs (see the SI. Fig.5). Dm
was retrieved the data of Biskos et al. (2006b) in the different RHs (see the SI. Fig.2)
as follows:

Normalized concentration
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Mobility diameter (nm)
Figure S13. Measured (black square) and fitted (red solid line) normalized number size distributions are
show for ammonium sulfate aerosol particles at 25% RH. The black square symbols show the data of
Biskos et al. (2006b) (see the S1. Fig. 2).

Therefore, the initial dry mobility diameter (Dm (< 5% RH)) was obtained using Eq.
(S1) based on values of gf and Dm in the different RHs (see SI. S1. Table S4). We further
calculated the average sizing offset of 10-nm ammonium sulfate of Biskos et al. (2006b)
system based on the values of Dm (< 5% RH). The average sizing offset of 10-nm was
~3.25%.
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S2. Calculation of sizing accuracy of sub-100 nanoparticles
Knutson and Whitby (1975) proposed the following theoretical differential mobility
analyzer (DMA) transfer function and showed that sizing is crucially depend on sheath
flow rates and high voltage (HV) applied to the DMA.
𝑧𝑝∗ =

𝑟
𝑄𝑠ℎ 𝑙𝑛 2
𝑟1

(S2)

2𝜋𝐿𝑉
𝑛𝑒𝐶

𝑧𝑝∗ = 3𝜋𝜇𝑑𝑐∗

(S3)

𝑝

𝑑𝑝∗ =

2𝑉𝐿𝑛𝑒𝐶𝑐
𝑟
3𝜇𝑄𝑠ℎ 𝑙𝑛 2

(S4)

𝑟1

where 𝑧𝑝∗ is the central electrical mobility, Qsh is the sheath flow rate, V is the applied
voltage, L is the length of the classification region within the DMA, and r1 and r2 are
the inner and outer radii of the DMA annulus, respectively. n is the number of
elementary charges of particles. e is the elementary charges. Cc is the slip correction. 𝜇
is the flow viscosity. 𝑑𝑝∗ is the mean particle mobility diameter.
According to Eq. (S4) above, we use the following error propagation formula ((Taylor
and Taylor, 1997) to calculate the uncertainties in sizing of nanoparticles. In our study,
the flow accuracy of mass flow meter (TSI series 4000) is within ±2%. The deviation
of voltage applied to the nano-DMAs (0-12500 V, 0-350 V) varies around the set value
when test with voltage power supply (HCE 0-12500, HCE 0-350, Fug Electronic)
shown in Table S5. Thence, the uncertainties in sizing of nanoparticles are obtained
based on the following Eq. (S5) as shown in Table S5.
𝛿𝑑
𝑑

𝛿𝑉 2

𝛿𝑄

= √( 𝑉 ) + ( 𝑄 𝑠ℎ )

2

(S5)”

𝑠ℎ
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3. Size dependent hygroscopicity of
levoglucosan and D-glucose aerosol
nanoparticles

This work is to be submitted as Lei et al. (2021):

Lei, T., Ma, N., Tuch, T., Hoffmann, T., Pöschl, U., Su, H., Wiedensohler, A., and
Cheng, Y.: Size dependent hygroscopicity of levoglucosan and D-glucose aerosol
nanoparticles, Atmospheric Chemistry and Physics, to be submitted, 2021

I am the first-author of this work and my contribution to this work includes performing
the experiments using a nano-HTDMA for measuring the hygroscopic properties of
levoglucosan and D-glucose aerosol nanoparticles with diameter down to 6 nm,
analyzing all the data, making all the figures and tables, and writing the manuscript
together with Dr. Cheng and Dr. Su.
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The following text, figures, and tables quoted (within “”) from page 65 to page 85
are exactly the same as the manuscript which is cited on page 64.
“Abstract: The interaction between water vapor and aerosol nanoparticles is of great
significance in the atmospheric processes. However, current knowledge of
hygroscopicity of sub-10 nm organic is scarcely available for literature. In this study,
we investigate the hygroscopic properties of organics in size down to 6 nm (e.g.,
levoglucosan, D-glucose) using a nano-hygroscopic tandem differential mobility
analyzer (nano-HTDMA). A reduction in diameter of sub-20 nm levoglucosan is
observed during the measurements, which is explained by levoglucosan nanoparticle
evaporation into gas phase, indicting high volatility of sub-20 nm levoglucosan aerosol
nanoparticles. Thus, the hygroscopic growth factors of levoglucosan nanoparticles with
diameters above 20 nm have been investigated. A weak size dependence of hygroscopic
growth factor is observed for levoglucosan and D-glucose nanoparticles with diameters
down to 20 nm. However, there is a clear size-dependent hygroscopic growth factor of
D-glucose nanoparticles down to 6 nm in size. We further compare our measurements
for levoglucosan and D-glucose nanoparticles with modelling results from the Extended
Aerosol Inorganics Model (E-AIM) model and the ideal solution theory, respectively.
The ideal solution theory agreed well with measured hygroscopic growth factors of
levoglucosan and D-glucose nanoparticles with diameters higher than 15 nm, while the
E-AIM model prediction describes well with results of sub-15 nm D-glucose
nanoparticles.
1 Introduction
Atmospheric nanoparticles influence the radiative forcing of the earth’s atmosphere
(Chylek and Coakley, 1974; Charlson et al., 1992; Andreae and Gelencsér, 2006; Cheng
et al., 2012). Atmospheric aerosol nanoparticles have a significant organic fraction
(Zhang et al., 2004; Bzdek et al., 2011; Kulmala et al., 2013). Organics play an
important role in new particle formation, subsequent growth, CCN, and thus in affecting
visibility degradation, radiative forcing and climate (Dusek et al., 2010; Zhang et al.,
2012; Kulmala et al., 2013). For example, it is found that an increase in mass fraction
of organics during periods of new particle formation in the fields, suggesting organics
involved in the growth of new particles to larger sizes and thus affecting CCN activity
during new particle formation events (Dusek et al., 2010; Zhang et al., 2010; Bzdek et
al., 2011; Kulmala et al., 2013). Both the size of nanoparticles and their ability to act as
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CCN are directly related to its hygroscopicity that describes their ability to
uptake/release water (Köhler, 1936; Kreidenweis et al., 2005; Su et al., 2010; Cheng et
al., 2015; Wang et al., 2015). Therefore, the hygroscopicity of organic aerosol
nanoparticles is fundamental in determining the role of aerosols in the radiative balance
of the earth.
Levoglucosan aerosol nanoparticles have attracted increasing interest in recent years
(Simoneit et al., 1999; Mochida and Kawamura, 2004; Mikhailov et al., 2009; Lei et
al., 2014, 2018; Elias et al., 2010; Bhattarai et al., 2019) due to relative stability and
high emission factors, which are considered as ideal tracer for characterization and
quantitation the biomass burning (Fraser and Lakshmanan, 2000). Also, levoglucosan
can contribute substantially (16.6–30.9% by mass) to the total organics in PM2.5. Dglucose, a hydrolysis product of cellulose and levoglucosan, is one of the major
pyrolysis products of wood ((Mochida and Kawamura, 2004). Levoglucosan and Dglucose substances may be representative in reproducing the hygroscopic behavior of
the real biomass burning aerosol particles (Bhandari and Bareyre. 2003; Mochida and
Kawamura, 2004; Chan et al., 2005; Koehler et al., 2006; Peng et al., 2010). Most
previous lab studies have been focused on investigation of the hygroscopic behavior of
100-nm levoglucosan and 100-nm D-glucose aerosol nanoparticles, which mainly
utilized the humidified tandem differential mobility analyzers (DMAs) (Mikhailov et
al., 2004; Mochida and Kawamura. 2004; Koehler et al., 2006; Lei et al., 2014; 2018).
Early studies show that the solubility of ammonium sulfate and sodium sulfate exhibits
a strong size dependence (Cheng et al., 2015). However, it is not clear how the size
effect is going to influence the hygroscopic growth of organics, especially with no
deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH).
There is the different size effect on the hygroscopicity (gf, DRH, ERH) between
inorganic nanoparticles and large particles (Hämeri et al., 2000, 2001; Biskos et al.,
2006a, b, 2007; Lei et al., 2020). One of size dependence of the hygroscopicity of
nanoparticles is the decrease in hygroscopic diameter growth factor with decreasing
size of nanoparticles in the whole relative humidity (RH) range. Another one is the size
dependence of DRH and ERH of nanoparticles. For example, in the previous studies,
the hygroscopic growth factors of either ammonium sulfate, sodium sulfate, or sodium
chloride nanoparticles decrease substantially with decreasing size down to 6 nm
(Biskos et al., 2006a, b, 2007, Lei et al., 2020). Also, Biskos et al. (2006b) observed no
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significant difference in the DRH and the ERH between ammonium sulfate
nanoparticles with dry diameters of 6 and 60 nm (Let et al., 2020), while a pronounced
difference of the DRH is up to 10 % RH between sodium chloride nanoparticles with
dry diameters of 6 and 60 nm (Biskos et al., 2006a). However, there are only very few
lab studies on investigating size dependence of hygroscopicity (gf, DRH, ERH) of
organic aerosol nanoparticles (Wang et al., 2017). Besides technique limitation, another
reason is the high diffusion of sub-100 nm organics nanoparticles, especially in the sub20 size range, which results in the high nanoparticle losses in the HTDMA system
(Seinfeld and Pandis, 2006).
For inorganic aerosols, the lack of thermodynamic properties (e.g., water activity,
surface tension) for the highly supersaturated aqueous solution nanodroplets (Tang and
Munkelwitz, 1994; Tang 1996; Pruppacher and Klett, 1997; Clegg et al., 1998) are
limiting predictability of aerosol hygroscopic behavior of sub-100 nm aerosol
nanoparticles (Cheng et al., 2015). Also, there are very few thermodynamic data in the
highly supersaturated concentration for organics solution (Bhandari and Bareyre. 2003;
Chan et al., 2005; Koehler et al., 2006; Peng et al., 2010) such as levoglucosan and Dglucose, which results in disagreement between model predictions and measured
results. By measuring hygroscopic growth factor of particles of different sizes, we may
be able to retrieve these thermodynamic data using a differential Köhler analyses
(DKA) method (Cheng et al., 2015). This will further help us to understand the aerosol
formation, transportation, and their interactions between water molecules.
In this study, we investigate the hygroscopic growth factors of levoglucosan and Dglucose nanoparticles in size down to 6 nm using a nano-hygroscopic tandem
differential mobility analyzer (nano-HTDMA), respectively. Moreover, we compared
our measurement data with that from the Extended Aerosol Inorganic Model (E-AIM)
(Clegg

et

al.,

2001;

Clegg

and

Seinfeld,

2006;

available

online:

http://www.aim.env.ac.uk/aim/aim.php) and the ideal solution theory, respectively.

2 Methodology
2.1 Experimental
2.1.1 Nanoparticle generation
An electrospray is employed to generate the levoglucosan and D-glucose aerosol
nanoparticles of 6, 8, 10, and 15 nm using 2, 3, 5, and 10 mM aqueous solution with
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50% volume fraction of a 20 mM ammonium acetate buffer solution (Chen et al., 2005;
Wang et al., 2015), respectively. The generated nanoparticles are diluted by mixing
with dry and filtered N2 (1 l min-1) and CO2 (0.1 l min-1), bringing aerosol nanoparticles
to a dry RH state (≤ 2 % RH). Subsequently, aerosol nanoparticles pass through a Po210
neutralizer to reach the equilibrium charge distribution (Wiedensohler 1986). In order
to avoid blocking the 25-μm capillary tube in the electrospray with high solution
concentration, the aerosol nanoparticles with diameters of 20-100 nm are generated by
an atomizer with 0.01 wt % organic solution (e.g., levoglucosan and D-glucose). The
chemical substances and their physical properties are characterized in Table S1. These
solutions are prepared with distilled and de-ionized million-Q water (resistivity of 18.2
MΩ cm at 298.15 K). In addition, the solution concentrations are adjusted so that the
sizes selected by the nano-DMA1 are always slightly larger than the peak diameter of
the number size distribution of the generated nanoparticles to minimize the influence
of the multiple charged nanoparticles in hygroscopicity measurements.
2.1.2 Nano-HTDMA setup
Figure 1 shows a schematic of the nano-HTDMA system for investigating the
hygroscopic behavior of aerosol nanoparticles. The detailed description, calibration,
and validation of nano-HTDMA setup have been reported in previous paper (Lei et al.,
2020). In brief, the polydisperse aerosol nanoparticles pass through a silica gel diffusion
dryer and a Nafion gas dryer (TROPOS; model no. ND.070), bring the aerosol
nanoparticles to be dry state at RH below 10 %. The dry aerosol nanoparticles are
charged by Kr85 bipolar charger and then enter the first nano-differential mobility
analyzer (nano-DMA1; TROPOS; model no. Vienna-type short DMA)), where a
monodisperse distribution of nanoparticles with the desired dry diameter is selected.
The monodispersed nanoparticles subsequently are exposed to the different RH
conditions, which can be set to deliquescence mode (from low RH to high RH for
measuring deliquescence) or efflorescence mode (from the high RH to low RH for
measuring efflorescence). In the deliquescence mode, the dry aerosol nanoparticles are
gradually humidified to a target RH through a Nafion humidifier (NH-1; TROPOS;
model no. ND.070, length 60 cm). In the efflorescence mode, after deliquescence of
aerosol nanoparticles in a Nafion humidifier (NH-2; Perma Pure; model no. MH-110,
length 30 cm), the deliquesced aerosol nanoparticles are stepwise dried to a target RH
in NH-1. The number size distribution of the humidified nanoparticles is then measured
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by a nano-differential mobility analyzer (nano-DMA2) at a target RH through a Nafion
humidifier (NH-3; Perma Pure; model no. PD-100) coupled with an ultrafine
condensation particle counter (CPC; TSI; model no. 3776). To have the uniform RH
within the nano-DMA2 for the sizing accuracy, the difference between the sheath flow
RH (RHs) and the aerosol flow RH (RHa) upstream of the nano-DMA2 is kept <1 %.
Most importantly, the temperature difference between inlet and outlet of the nanoDMA2 is maintained below 0.2 °C. In addition, the residence time between the
humidifier and the nano-DMA2 (~5.4 s) and deliquescence time for aerosol
nanoparticles (~0.07 s) are sufficient for water-soluble aerosol nanoparticles to
equilibrate with water vapor at a given RH and to occur solid-liquid phase transition
(Kerminen 1997; Duplissy et al., 2005; Raoux et al., 2007).

Figure 1. Experimental setup of the nano-HTDMA. Here, AG: aerosol generator (aerosol atomizer or
electrospray); ND: nafion dryer; Kr-85: Krypton source aerosol neutralizer; Nano-DMA: nano
differential mobility analyzer; NH: nafion humidifier; CPC: condensation particle counter; Black line:
aerosol line; RHa and RHs (measured by RH sensors) represent the RH of aerosol and sheath flow in the
inlet of nano-DMA2, respectively.

2.2 Theory and modeling methods
2.2.1 Köhler model
The equilibrium water saturation ratio (s) over a spherical droplet is equal to the
𝑅𝐻

fractional ambient relative humidity ( 100) (Köhler 1936), is given by the following
expression:
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𝑅𝐻
100

4𝜎𝑠𝑜𝑙 𝑣𝑤

= 𝑠 = 𝑎𝑤 𝑒𝑥𝑝 (

𝑅𝑇𝐺𝑓 𝐷𝑠

)

(1)

where 𝑎𝑤 is the water activity of the solution droplet, 𝜎𝑠𝑜𝑙 is the liquid-vapor interfacial
energy of solution droplet (also called liquid-vapor surface tension), 𝑣𝑤 is the partial
molar volume of water, 𝑅 is the universal gas constant, 𝑇 is the temperature, 𝐺𝑓 is the
diameter growth factor of aerosol particles, and 𝐷𝑠 is the dry diameter of spherical
aerosol particles. 𝑎𝑤 , 𝜎𝑠𝑜𝑙 , and 𝑣𝑤 are all as a function of composition of solution
droplet at a given temperature. These parameters within Köhler model are described in
details in the following section. Note that, in this study, using the Köhler model is to
calculate growth factor as a function of RH and then compared with measured growth
factor of aerosol nanoparticles with diameter down to 6 nm.
Partial molar volume of water 𝑣𝑤 can be expressed as a function of solution density as
follows
𝑀

𝑣𝑤 = 𝜌 𝑤 (1 +
𝑠𝑜𝑙

𝑑𝑙𝑛𝜌𝑠𝑜𝑙
𝑑𝑙𝑛𝑥𝑠

)

(2)

Here 𝑀𝑤 is the molar mass of water, 𝜌𝑠𝑜𝑙 is the solution density, and 𝑥𝑠 is the solute
mass fraction (Kreidenweis et al., 2005).
The diameter growth factor 𝐺𝑓 of spherical particles is defined by the following
expression
𝐺𝑓 = (

𝜌𝑠
𝑥𝑠 𝜌𝑠𝑜𝑙

1

)3

(3)

𝜌𝑠 and 𝜌𝑠𝑜𝑙 are the density of solute and solution, respectively, and 𝑥𝑠 is the solute
mass fraction.
2.2.2 Ideal solution growth factor
The ideal solution theory has been described in Mochida and Kawamura (2004) and
Lei et al. (2014), assuming that the water activity 𝑎𝑤 of the solution containing nonvolatile and non-electrolyte solute component is equal to the molar ratio of water in the
solution. Also, for an ideal solution, the partial molar volume of pure water in the
solution is equal to the molar volume of pure water. Since the hygroscopic diameter
growth factor measurements are on volume basis using nano-HTDMA system, the
expression of Gf as a function of molar ratio (𝑥𝑗 ), molar mass (𝑀𝑗 ), and mass density
(𝜌𝑗 ) of components 𝑗 as follows:
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𝐺𝐹 = [

1
3

1
∑𝑗(𝑥𝑗 𝑀𝑗 )
𝜌𝑗

∑𝑗,𝑗≠𝑤(𝑥𝑗 𝑀𝑗

1
)
𝜌𝑗

]

(4)

Thus, in the case of an ideal solution, applying ideal solution theory to Köhler equation
(Eq. (1)) is more applicable in dilution solution without phase transition of solute
components.
2.2.3 Growth factor prediction by E-AIM model
Extended

Aerosol

Inorganic

(http://www.aim.env.uea.ac.uk/aim/model3/model3a.php)

Model
is

a

(E-AIM)
thermodynamic

equilibrium model used for calculating phase partitioning (gas/liquid/solid). Most
importantly, the E-AIM mode is able to model thermodynamic properties (e.g, water
activity, liquid-vapor interfacial energy, and solution density) in the highly
supersaturated concentration solution (Dutcher et al., 2013). Also, the standard
universal quasi-chemical functional group activity coefficients (UNIFAC) within AIM
can be used to predict 𝑎𝑤 , 𝜎𝑠𝑜𝑙 , and 𝜌𝑠𝑜𝑙 of organic aqueous solution (Fredenslund et
al., 1975; Hansen et al., 1991). Note that in the following, The E-AIM calculations
based on standard UNIFAC group contribution method are to predict hygroscopic
growth factors of organic aerosol particles. (i.e., E-AIM model (standard UNIFAC)
growth curves as a function of RH are based on Eq. (1) and Eq. (3).).

3 Results and discussion
3.1 Size dependent hygroscopicity of levoglucosan
Figure 2 shows the humidogram of 100-nm levoglucosan nanoparticles measured by
the nano-HTDMA system. Levoglucosan nanoparticles absorb water continuously
from 5 % to 90 % RH. Also, they stepwise release water as RH decreases down to 5 %.
For example, the hygroscopic growth factors of levoglucosan nanoparticles at 80 %
RH, 90 % RH are 1.15, 1.30, respectively in the deliquescence mode, which is similar
to that of levoglucosan nanoparticles in the efflorescence mode (shown in Fig. S1). A
good agreement in the hygroscopic growth factors of levoglucosan nanoparticles
between deliquescence and efflorescence mode suggests growing and shrinking of
particles are in equilibrium with water vapor surrounding moisture conditions.
However, no prompt phase transition of levoglucosan nanoparticles is observed in both
deliquescence and efflorescence mode. The possible reason is that levoglucosan
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nanoparticles could be supersaturated condition even at RH below 5%. i.e., the
nanoparticles at RH below 5% could consist of a minor fraction of water in the
levoglucosan nanoparticles. A similar non-prompt phase transition of levoglucosan
nanoparticles was observed in the previous studies (Mochida and Kawamura, 2004;
Chan et al., 2005; Svenningsson et al., 2006; Mikhailov et al., 2008). Compared to the
previous studies, in general, our results are in good agreement with measurement results
of previous data, but there is a difference in the hygroscopic growth factor of
levoglucosan nanoparticles between Mikhailov et al. (2008) and this study. The reason
is that Mikhailov et al. (2008) used minimum mobility diameter measured in the
hydration&dehydration mode instead of the initial dry mobility diameter measured in
the hydration or dehydration mode to calculate the hygroscopic growth factor of
levoglucosan nanoparticles, which could lead to the higher hygroscopic growth factors
of levoglucosan nanoparticles than that of this study.
Figure 3 shows measured size-resolved hygroscopic growth factors of levoglucosan
nanoparticles against RH. Firstly, we observed a good agreement of hygroscopic
growth factors of levoglucosan with diameters from 20 to 100 nm in both deliquescence
and efflorescence mode (shown in Fig. S1). For example, the measured growth factors
of 100-nm levoglucosan nanoparticles are 1.18 and 1.26 at 80% and 88%, respectively,
which are similar to measurement results of 60-nm and 20-nm levoglucosan
nanoparticles. Secondly, there is a weak size dependence of hygroscopic growth factors
of levoglucosan nanoparticles with diameters down to 20 nm. E.g., a difference in
hygroscopic growth factor between 100 and 20-nm levoglucosan nanoparticles is ~0.02
at 88 % RH. Also, the use of E-AIM model and ideal solution theory is to predict our
measurement results as shown in Fig. 3a and 3b, respectively. E-AIM (standard
UNIFAC) model is applied to estimate the hygroscopic growth of organic aerosol
nanoparticles according to UNIFAC group contribution method. Ideal solution theory
is used to characterize water absorption of the diluted aqueous solution nanodroplets.
Due to Kelvin effect, these model predictions are expected to present a size dependence
of growth factors of nanoparticles in size from 100 down to 20 nm. For example, as
shown in Fig. 3a, thermodynamic equilibrium model (E-AIM) shows a weak size
dependence of the growth factors of levoglucosan nanoparticles with diameter 100, 60,
and 20 nm at low RH but a strong size dependence of growth factors at RH above 70 %.
The calculated growth factors of nanoparticles down to 20 nm in size are disagreed with
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measured growth factors of levoglucosan nanoparticles, which is consistent with
previous studies (Mochida and Kawamura, 2004; Lei et al., 2014, 2018). Mochida and
Kawamura explained the possible reason for this discrepancy. The E-AIM (standard
UNIFAC) calculations are optimized for organic compounds with lesser fraction of
polar functional groups (Fredenslund et al., 1975; Hansen et al., 1991), but
levoglucosan contains three OH groups in series. Thus, thermodynamic properties (e.g.,
water activity, liquid-vapor surface tension) are more likely to be invalid for
levoglucosan system. However, a good agreement of growth factors of levoglucosan
with diameter 100, 60, and 20 nm is observed between measurements and predictions
by ideal solution theory in Fig. 3b. This suggested that these levoglucosan nanoparticles
with diameter higher than 20 nm are ideal and diluted in the solution concentration. For
sub-20 nm levoglucosan nanoparticle in the nano-HTDMA system, the measurements
have been discussed below.
Figure 4a-b shows the measured peak diameter of normalized size distribution scanned
by the nano-DMA2, which is smaller than diameter of levoglucosan nanoparticles
selected by nano-DMA1. For 15-nm and 10-nm levoglucosan nanoparticles, obviously,
a decrease in diameter is observed during measurements. As shown in Fig. 4a-b, the
reduced sizes correspond to a decrease of 22% to 50% of the selected diameter of 15nm and 10-nm levoglucosan nanoparticles, respectively. A similar phenomenon has
been observed in the previous study (Mochida and Kawamura, 2004; Riipinen et al.,
2006; Wex et al., 2007). For example, Wex et al. (2007) observed a reduction of a
decrease of 6% to 10% of the dry diameter of succinic acid, for the DMA diameters of
200 nm and 250 nm, respectively, which partially is explained by succinic acid
molecules evaporation to gas phase. Also, a shape factor and non-ideal of behavior of
succinic acid in the concentrated concentration are more likely to lead to this decrease
in particle diameter. In this study, it is recommended to estimate the ratio of gas-phase
concentration to the total concentration of the generated levoglucosan particles in the
different sizes. Firstly, the calculated gas-phase concentration of levoglucosan is based
on the Kelvin equation and ideal gas equation as shown in Fig. 4c and Sect. S1. Fig.
4c shows that the saturation ratio of pure levoglucosan nanoparticles as droplet diameter
increases from 0 to 100 nm. The inset is an enlarged view (black open square) of the
saturation ratio of pure levoglucosan nanoparticles with diameters below 20 nm. The
Kelvin effect on levoglucosan nanoparticles is weak at droplet diameters above 20 nm,
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but a dramatically enhanced saturation ratio of levoglucosan particles with diameter
decreasing is observed in the inset of Fig. 4c. Secondly, the total concentration of
levoglucosan particles is estimated by Eq. (S2). Thus, the results of the ratio have been
shown in Table 1 for levoglucosan nanoparticles in the diameter range from 10 to 100
nm. The calculated ratio of gas-phase concentration to the total concentration is
consistent with measurements. E.g., the nanoparticle evaporation increases as
levoglucosan size decreases from 100 to 10 nm, especially in the sub-20 nm size range,
suggesting the high volatility of sub-20 nm levoglucosan during the measurements.

100-nm Levoglucosan obs.
This study
Mochida and Kawamura(2004)
Chan et al.(2005)
Svenningsson et al.(2006)
Mikhailov et al.(2008)

Growth factor, gf
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Figure 2. Hygroscopic diameter growth factor (Gf) of levoglucosan particles with dry diameter of 100
nm (black solid square). The measured data compared with observations from references (red open
square: Mochida and Kawmura (2004); magenta open square: Chan et al. (2005); violet open square:
Svenningsson et al. (2006); cyan open square: Mikhailov et al. (2008)).
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Figure 3. Hygroscopic diameter growth factor (Gf) of levoglucosan particles with dry diameter of 100
nm (red square), 60 nm (blue square), and 20nm (green square). Köhler model curves are based on
different thermodynamic data sets: (a) AIM (Standard UNIFAC) (red, blue, green line), (b) ideal solution
theory (red, blue, green line).
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Figure 4. The normalized size distributions scanned by nano-DMA2 for: (a) 10 nm and (b) 15-nm
levoglucosan at 10% at 298K. The dotted lines mark the diameters of the monodispersed nanoparticles
selected by the nano-DMA1. The back solid lines mark the peak diameters from the normalized size
distributions scanned by the nano-DMA2. (c) Saturation ratio of levoglucosan particles against droplet
diameter according to the Kelvin equation ( 𝑃𝐴 = 𝑃𝐴0 𝑒𝑥𝑝 (

2𝜎𝑀

𝑅𝑇𝜌𝑙 𝑅𝑝

) , 𝑃𝐴 and 𝑃𝐴0 are vapor pressure,

equilibrium vapor pressure, respectively. σ, 𝑀, 𝜌𝑙 , 𝑎𝑛𝑑 𝑅𝑝 mean surface tension, molecular weight of the
substance, liquid-phase density, and a droplet of radius, respectively. The diameter range 0-20 nm for
the saturation ratio of levoglucosan particles is shown as an inset. The value of surface tension of pure
levoglucosan is 0.0227104 [J m-2].

75

Table 1. Calculation of the ratio of gas-phase concentration to the total concentration
for levoglucosan nanoparticles in the different sizes.
Levoglucosan diameter (nm)
The ratio of gas-phase concentration
to the total concentration a
100
0.000811

a

60

0.000833097

20

0.001265617

15

0.177992638

10

0.328220471

See S1

3.2 Size dependent hygroscopicity of D-glucose
Figure 5 shows the measured hygroscopic growth factors of 100-nm D-glucose
nanoparticles as a function of RH. No significant difference in hygroscopic curve of
100-nm D-glucose nanoparticles is found between deliquescence and efflorescence
measurement mode (Fig. S2). For example, the measured growth factors of D-glucose
nanoparticles at 80 % RH, 85 % RH, 90 % RH are 1.17, 1.21, 1.30 in the deliquescence
mode, respectively, in good agreement with results in the efflorescence mode (shown
in Fig. S2). Also, measured hygroscopic growth factors of 100-nm D-glucose are
consistent with results from previous studies in the RH range from 5% to 90% (Mochida
and Kawamura. 2004; Suda and Petters, 2013; Estillore et al., 2017; Mikhailov and
Vlasenko, 2020). No prompt phase transitions are observed during both deliquescence
and efflorescence measurement modes. However, the bulk DRH of the D-glucose
solution is ~89% to 90% at 298K (Mochida and Kawamura, 2004). The difference in
hygroscopic behavior of D-glucose between 100-nm nanoparticles and bulk solution is
due to morphology effect as earlier discussed in Mikhailov et al. (2009), Estillore et al.
(2017), and Lei et al. (2018). For example, Estillore et al. (2017) observed a slightly
amorphous structure of D-glucose particles under ambient conditions using atomic
force microscopy (AFM) and D-glucose particle growth through gradual water uptake
where the solid-liquid phase transition is non-discrete. Thus, a continuous
growth/shrink of diameter both deliquescence and efflorescence modes is explained by
the lack of crystallization of D-glucose nanoparticles upon drying to low RH and the
presence of a metastable supersaturated aqueous D-glucose droplets at RH below 10%.
Figure 6 shows the size dependence of measured hygroscopic growth factors of D76

glucose nanoparticles in the size range from 6 to 100 nm, with difference in growth
factor up to 0.14 between 100-nm and 6-nm nanoparticles at 90 % RH (Fig. S2). A
weak size dependence on the hygroscopic growth factors of particles is observed in the
size range from 20 to 100 nm, which is similar to observation for levoglucosan
nanoparticles with diameter down to 20 nm. However, there is a strong size dependent
growth factor of D-glucose nanoparticles with diameter from 6 to 20 nm, indicating
size dependence more pronounced as size deceases down to 6 nm in size. For example,
measured growth factors of 20-6 nm D-glucose nanoparticles are ~1.21 and 1.13 at
85%, respectively. There is no evident difference in hygroscopic growth factors of Dglucose nanoparticles at RH below 70 % in size range from 6 to 100 nm, indicating the
diameter change of D-glucose nanoparticles at low RH could be minor.
Figure 7 shows the measured hygroscopic growth factors of D-glucose nanoparticles
with diameters of 6 nm and 100 nm compared with the model and the theory including
Kelvin effects, respectively. E-AIM (standard UNIFAC) model is used to estimate the
hygroscopic growth factor of organic aerosol nanoparticles according to UNIFAC
group contribution method. Ideal solution theory is applied to describe water uptake of
the diluted aqueous solution nanodroplets. The measured growth factors of 100-nm Dglucose nanoparticles are lower than predicted growth factors from E-AIM model,
especially at RH below 87% shown in Fig. 7a and Fig. S3. A discrepancy exists between
observations and E-AIM model predictions of D-glucose with diameter higher than 15
nm. One of possible reasons is inaccurate thermodynamic parameters applied to Eq. 1
in the diluted concentration range (e.g., water activity, liquid-vapor surface tension, the
density of the aqueous nanoparticles). Another possible reason is that, as we discussed
in Sect. 3.1, D-glucose contains five OH groups in series, which is disagreed with EAIM (standard UINFAC) assumption. However, different from prediction for Dglucose nanoparticles in size down 15 nm, there is a general agreement between
measured growth factors and E-AIM predictions for D-glucose nanoparticles with
diameter smaller than 15 nm. Using ideal solution theory is to predict the hygroscopic
curve of D-glucose nanoparticles with diameters of 6-100 nm shown in Fig. 7b and Fig.
S3. There is a good agreement between measured growth factors of D-glucose with
diameter higher than 15 nm and ideal theory calculations. This suggests that these
physical parameters used in the ideal solution theory are accurate to predict the
hygroscopic curve of nanoparticles (e.g., 60, 100 nm) and thus D-glucose nanoparticles
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are ideal and diluted in solution concentration. However, an underestimation of growth
factors of sub-15 nm D-glucose nanoparticles has been shown in Fig. 7b and Fig. S3 by
ideal solution theory prediction. The possible reason is the unfavorable assumption of
ideal solution theory, the sub-15 nm D-glucose nanodroplets can become more highly
supersaturated when compared to the dilution solution.
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Figure 5. Hygroscopic diameter growth factor (Gf) of D-glucose particles with dry diameter of 100 nm
(black solid square). The measured data compared with observations from references. (pink open square:
Mochida and Kawmura (2004); red open square: Estillore et al., (2017); violet open square: Suda and
Petters, (20017); green open square: Mikhailov and Vlasenko, 2020).
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Figure 6. Hygroscopic diameter growth factor (Gf) of D-glucose nanoparticles with dry diameter of 100
nm (red square), 60 nm (blue square), 20 nm (cyan square), 15 nm (green square), 10 nm (pink square),
8 nm (royal square), and 6 nm (black square).
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Figure 7. Hygroscopic diameter growth factor (Gf) of D-glucose nanoparticles with dry diameter of 100
nm (red square) and 6 nm (black square). Köhler model curves are based on different thermodynamic
data sets: (a) AIM (Standard UNIFAC, red, black line) and (b) ideal solution theory (red, black line).
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Table
Table S1. Substances and their physical properties used in this work.
Chemical

Chemical

Molar mass

Density

Solubility

Solution

compound

formula

[gmol-1]

[g cm-3]

mol kg-1

surface tension [J m-2]

Levoglucosan

C6H10O5

162.141

1.69

-

0.073b

Manufacture

Sigma-Aldrich,
99.99%

D-glucose

C6H12O6

180.16

5.69a

1.562

0.072

Sigma-Aldrich,
99.99%

a
b

Ruegg and Blanc (1981)
Tuckermann and Cammenga (2004)
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Figure

Figure S1. Mobility-diameter hygroscopic growth factors (gf) of levoglucosan aerosol nanoparticles with
dry mobility diameter from 20 to 100 nm in the deliquescence mode (black square and error bar) and the
efflorescence mode (red square and error bar).

82

Figure S2. Mobility-diameter hygroscopic growth factors (gf) of D-glucose aerosol nanoparticles with
dry mobility diameter from 6 to 100 nm in the deliquescence mode (black square and error bar) and the
efflorescence mode (red square and error bar).
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Figure S3. Mobility-diameter hygroscopic growth factors (gf, balck squares) of D-glucose aerosol
nanoparticles with dry mobility diameter from 100 down to 6nm. In comparison, E-AIM (Standard
UNIFAC) (red line) and Ideal solution theory (blue line) predict growth factors of D-glucose aerosol
nanoparticles.
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S1. Calculation of ratio of gas-phase concentration to the total concentration
S1.1 Calculation of gas-phase concentration (g cm-3)
𝑚𝑔𝑎𝑠 =

𝑃𝑉𝑀

(S1)

𝑅𝑇

This equation (Eq. (S1) establish a relationship between mass in gas phase (𝑚𝑔𝑎𝑠 ) and
pressure (P), volume (V), mole mass (M), the ideal gas constant (R), and temperature.
Here, Vapor pressure (P) is equal to saturated ratio of levoglucosan vapor (see Fig. 4c)
multiplied saturated levoglucosan vapor pressure at 293.15 K.
S1.2 Calculation of total concentration of generated particles (g cm-3)
𝑑𝑁

𝜋

𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑑𝑙𝑜𝑔𝐷 × 𝑑𝑙𝑜𝑔𝐷𝑝 × 6 𝐷𝑝3 × 𝜌

(S2)

𝑝

where 𝑑𝑁 is particle concentration, 𝐷𝑝 is the particle diameter, and 𝜌 is the density of
particles.
S1.3 ratio of the gas-phase concentration to the total concentration of generated
particles
𝑚𝑔𝑎𝑠

𝑅𝑎𝑡𝑖𝑜 = 𝑚

(S3)”

𝑡𝑜𝑡𝑎𝑙
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4. Hygroscopicity of organic surrogate
compounds from biomass burning and
their effect on the efflorescence of
ammonium sulfate in mixed aerosol
particles
This work has been published as Lei et al. (2018):

Lei, T., Zuend, A., Cheng, Y. F., Su, H., Wang, W. G., and Ge, M. F.: Hygroscopicity of
organic surrogate compounds from biomass burning and their effect on the
efflorescence of ammonium sulfate in mixed aerosol particles, Atmospheric Chemistry
and Physics, 18, 1045–1064, 2018.

(Reprint Under the Creative Commons Attribution 4.0 License International License)

I am the first-author of this work and my contribution to this work includes assembling
the hygroscopicity tandem differential mobility analyzer (HTDMA) system for
investigating the hygroscopic properties of aerosol nanoparticles, performing the
experiments, analyzing all the data, making all the figures and tables, and writing the
manuscript.
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The following text, figures, and table quoted (within “”) from page 87 to page 115
are exactly the same as published on Lei et al. (2018) which is cited on page 86.
“Abstract: Hygroscopic growth factors of organic surrogate compounds representing
biomass burning and mixed organic-inorganic aerosol particles exhibit variability
during dehydration experiments depending on their chemical composition, which we
observed using a hygroscopicity tandem differential mobility analyzer (HTDMA). We
observed that levoglucosan and humic acid aerosol particles release water upon
dehumidification in the range from 90 – 5 % relative humidity (RH). However, 4Hydroxybenzoic acid aerosol particles remain in the solid state upon dehumidification
and exhibit a small shrinking in size at higher RH compared to the dry size. For
example, the measured growth factor of 4-hyroxybenzoic acid aerosol particles is ~0.96
at 90 % RH. The measurements were accompanied by RH-dependent thermodynamic
equilibrium calculations using the Aerosol Inorganic-Organic Mixtures Functional
groups Activity Coefficients (AIOMFAC) model and Extended Aerosol Inorganic
Model (E-AIM), the Zdanovskii-Stokes-Robinson (ZSR) relation, and a fitted
hygroscopicity expression. We observed several effects of organic components on the
hygroscopicity behavior of mixtures containing ammonium sulfate (AS) in relation to
the different mass fractions of organic compounds: (1) a shift of efflorescence relative
humidity (ERH) of ammonium sulfate to higher RH due to the presence of 25 wt %
levoglucosan in the mixture. (2) There is a distinct efflorescence transition at 25 % RH
for mixtures consisting of 25 wt % of 4-hydroxybenzoic acid compared to the ERH at
35 % for organic-free AS particles. (3) There is indication for a liquid-to-solid phase
transition of 4-hydroxybenzoic acid in the mixed particles during dehydration. (4) A
humic acid component shows no significant effect on the efflorescence of AS in mixed
aerosol particles. In addition, consideration of a composition-dependent degree of
dissolution of crystallization AS (solid-liquid equilibrium) in the AIOMFAC and EAIM models leads to a relatively good agreement between models and observed growth
factors, as well as ERH of AS in the mixed system. The use of the ZSR relation leads
to good agreement with measured diameter growth factors of aerosol particles
containing humic acid and ammonium sulfate. Lastly, two distinct mixtures of organic
surrogate compounds, including levoglucosan, 4-hydroxybenzoic acid, and humic acid
were used to represent the average water-soluble organic carbon (WSOC) fractions
observed during the wet and dry seasons in the central Amazon Basin. A comparison
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of the organic fraction’s hygroscopicity parameter for the simple mixtures, e.g. ĸ ≈ 0.12
to 0.15 for the wet-season mixture in the 90 % to 40 % RH range, shows good
agreement with field data for the wet season in Amazon (WSOC ĸ ≈ 0.14 ± 0.06 at 90 %
RH). This suggests that laboratory-generated mixtures containing organic surrogate
compounds and ammonium sulfate can be used to mimic, in a simplified manner, the
chemical composition of ambient aerosols from the Amazon for the purpose of RHdependent hygroscopicity studies.

1 Introduction
It is well established that biomass burning, as an important source of atmospheric
aerosol particles, has a wide range of climate effects that can be classified into direct
radiative effects through light-absorbing carbon aerosol particles and indirect effects by
impact on cloud condensation nuclei (CCN) and cloud microphysics (Andreae and
Gelencsér, 2006; Moosmüller et al., 2009; Hecobian et al., 2010; Rizzo et al., 2011;
Rose et al., 2011; Cheng et al., 2012; Engelhart et al., 2012; Lack et al., 2012; Jacobson,
2014; Liu et al., 2014; Saleh et al., 2013, 2014). Atmospheric light-absorbing particles
that arise from biomass burning play an important role as a driver of global warming
(Favez et al., 2009; Hegg et al., 2010; Lack et al., 2012; Laborde et al., 2013; Srinivas
and Sarin, 2013). According to the IPCC report (Boucher and David, 2013), the climate
forcing of black carbon aerosol particles may rival that of methane, with a present-day
global warming effect of up to 0.3–0.4 °C (Wang et al., 2014). Also, certain types of
aerosol particles emitted by biomass burning, when immersed into cloud droplets,
absorb solar radiation and facilitate water evaporation and cloud dispersion, which
indicates an additional indirect aerosol effect that counteracts the cooling effect of cloud
droplets nucleated by aerosols (Powelson et al., 2014). Therefore, a better
understanding of the influence of aerosol particles from biomass burning on cloud
formation, precipitation, and Earth’s radiative budget is required to comprehend
biomass burning aerosol properties and behavior.
The understanding of aerosol-cloud-climate impact of a vast range of biomass burning
derived organic compounds, however, is rather limited due to the complexity of
biomass burning emissions, gas- and aerosol-phase processing and the restricted
availability of field measurements (Pratt et al., 2011; Lei et al., 2014; Paglione et al.,
2014; Srinivas and Sarin, 2014; Zhong and Jang, 2014; Arnold et al., 2015; Lawson et
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al., 2015; Gilman et al., 2015). Moreover, biomass burning particles are often mixtures
of water-soluble organic carbon, black carbon, varying amounts of inorganic
components, and water insoluble inclusions, such as mineral dust or poorly soluble
organics (Väkevä et al., 2002; Sadezky et al., 2005; Saarnio et al., 2010). An
appreciable amount of organic compounds affect the physicochemical properties of
aerosols, such as hygroscopicity, liquid-solid and liquid-liquid phase transitions, and
chemical reactivity in liquid phases and/or on particle surfaces (Shiraiwa et al., 2013).
For example, equilibrium between the variable environmental water vapor mixing ratio
and aerosol particles may lead to substantial changes in particle size, and chemical
composition, all of which can influence light absorption and scattering (Seinfeld and
Pandis, 2006; Zhang et al., 2016). Transitions between solid and liquid (aqueous)
phases that are dependent on relative humidity (RH) are also important in determining
optical properties (Martin et al., 2013; Wang et al., 2010; Kim et al., 2016; Wu et al.,
Denjean et al., 2015; 2016; Hodas et al., 2015; Atkinson et al., 2015). Studies have
shown that water-soluble organic matter from biomass burning (approximately 70 % of
total organic matter) can significantly suppress, enhance or have no effect on the
deliquescence (e.g. the RH at which deliquescence occurs at a certain temperature, the
DRH) and efflorescence processes (e.g. the efflorescence RH, ERH) of present
inorganic electrolytes. The effect depends predominantly on the type of organics, mass
fraction of organics relative to inorganic, and particle size (Zawadowicz et al., 2015;
Hodas et al., 2015; Gupta et al., 2015). Whole particles, individual phases within
particles, or specific chemical compounds can undergo a range of phase transitions
including crystallization-efflorescence, dissolution-deliquescence, and liquid-liquid
phase separation as the RH varies in the atmosphere. A number of laboratory studies
have focused on liquid-liquid phase separations within particles consisting of inorganic
and organics fractions (Svenningsson et al., 2006; Carrico et al., 2008; Dusek et al.,
2011; Hodas et al., 2015). For example, studies about liquid-liquid separation occurring
in mixed organic-inorganic aerosols were performed by Song et al. (2012, 2013) and
You et al. (2013) using Raman and optical microscopy, establishing that liquid-liquid
phase separation occurs typically in mixed organics + ammonium sulfate particles with
an average elemental oxygen-to-carbon (O:C) ratio of the organic fraction of less than
0.6 and in some cases for 0.6 < O:C < 0.8. You et al. (2013) further found that for a
O:C ratio between 0.5 and 0.8, the occurrence of liquid-liquid phase separation at
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moderate to high RH depends on the types of inorganic salts present (i.e., the effective
strength of the salting-out effect), e.g., (NH4)2SO4 ≥ NH4HSO4 ≥ NaCl ≥ NH4NO3.
Recently, the effect of a potential size-dependent morphology and dependence of the
phase separation mechanism on the organic/inorganic mass ratio in mixed aerosol was
studied for mixtures of poly(ethylene glycol)-400 + ammonium sulfate using
cryogenic-transmission electron microscopy (Altaf et al., 2016). Therefore, many
independent studies suggest that the occurrence of solid-liquid and/or liquid-liquid
phase separations, as well as related (temperature-dependent) RH levels of phase
transitions (DRH, ERH, and onset of RH of liquid-liquid phase separation, SRH),
depend on the relative amounts of organic and inorganic aerosols components and their
non-ideal mixing behavior.
The expected physical state and morphology of aerosol particles containing mixtures
of a wide range of organic and inorganic salts and acids can, in principle, be predicted
by a selection of specialized thermodynamic equilibrium models. Such models include
the Extended Aerosol Inorganic Model (E-AIM) (Clegg and Seinfeld, 1998, 2006;
available online: http://www.aim.env.uea.ac.uk/aim/aim.php), the Aerosol Diameter
Dependent Equilibrium Model (ADDEM) (Topping et al., 2004), the universal
quasichemical functional group activity coefficients (UNIFAC) model (Fredenslund et
al.,1975; Hansen et al., 1991), and the Aerosol Inorganic-Organic Mixtures Functional
croups Activity Coefficients (AIOMFAC) model (Zuend et al., 2008, 2011, 2012).
These models have all been used to predict atmospheric aerosol thermodynamic
equilibrium for a variety of inorganic and organic systems, yet not all of them can be
used to compute nonideal mixing in organic-inorganic systems. AIOMFAC has been
used to predict the distribution of components in multiple phases in a range of mixed
organic-inorganic systems and demonstrated its broad applicability in predicting liquidliquid phase separation in such mixtures (Zuend et al., 2010; Song et al., 2012; Zuend
and Seinfeld, 2012; Shiraiwa et al., 2013; Renbaum-Woff et al., 2016; Rastak et al.,
2017).
Several previous experimental studies using the hygroscopicity tandem differential
mobility analyzer (HTDMA) technique (e.g. Zardini et al., 2008; Lei et al.2014) show
that the deliquescence of inorganic compounds is affected by the presence of organic
components, which manifests itself in a shift in the DRH of a salt compared to the
corresponding organic-free system. For instance, a clear shift of AS DRH was observed
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in the case of the levoglucosan + ammonium sulfate system (Lei et al., 2014). Here we
focus on investigating the morphology, hygroscopicity and phase transitions of relevant
organic compounds found in biomass burning aerosol during the dehydrationdehumidification process. Moreover, we study how the presence of organic compounds
affects the water loss behavior of mixed organic-inorganic aerosols with AS in the
supersaturated state as well as after efflorescence of AS. In addition, we compare the
measured hygroscopicity behavior of mixed aerosol particles with predictions from the
Zdanovskii–Stokes–Robinson (ZSR) mixing rule, the E-AIM model, and the
AIOMFAC model.

2 Methods
2.1 Aerosol system
The three organic compounds levoglucosan, 4-hydroxybenzoic acid, and humic acid
were used as surrogates for the rich-class of water-soluble organic components in
biomass burning aerosols. The influence of the distinct chemical structure of these
compounds was studied with regard to the water uptake and evaporation of the pure
organic compounds as well as for mixed particles containing organic and AS.
Furthermore, a comparison with field data from the Amazon was preformed to quantify
the ability of mixtures of these three organic compounds to mimic the hygroscopic
behavior of complex ambient organic particles originating from biomass burning
emissions. Here we focus on the characterization of hygroscopic growth factors (HGFs)
as well as solid-liquid and liquid-liquid phase transitions during the dehumidification
conditions. The chemical substances and their physical properties are characterized in
Table 1. All of the experimental solutions were prepared by dissolving in Milli-Q water
(resistivity ≥ 18.2 MΩ) and the experiments were conducted at room temperature (~298
K). The chemical compositions of biomass burning model mixtures are introduced in
Table 2.
2.2 Instrument design
Figure 1 shows a schematic of the HTDMA instrument; more detailed information
about this instrument’s setup, calibration and evaluation is described elsewhere (Lei et
al., 2014; Jing et al., 2015, 2017; Liu et al., 2016). Briefly, Poly-dispersed submicrometer aerosol particles are generated by atomizing (MSP 1500, MSP) a 0.05
weight % aqueous solution consisting of different mass fractions of inorganic, and
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organic components, assuming that the composition of the aerosol particles formed is
initially the same as that of the solution used in the atomizer. Aerosol particles from an
atomizer are routed though homemade silica diffusion dryers and then pass through a
Nafion gas dryer (Perma Pure Inc., USA). After aerosol particles were dried to below
5 % RH (RH set point 1, RH1), they are directed to the impactor; those aerosols with
diameter less than 1 µm are allowed to pass it and subsequently pass through a
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electric charger to reach a near-Boltzmann distribution of charges (Liu et al., 1985).
After charging, the aerosol particles enter the first differential mobility analyzer
(DMA1) at a sheath flow to aerosol flow ratio of 4:0.3. The sheath flow is circulated
by the diaphragm pump in the first loop DMA1 system, and its RH is kept constant at
below 5 % RH. The resulting monodisperse particle population, selected within
uncertainty by the DMA1, is then exposed to high RH conditions during which the
aerosol flow is humidified to 98 % RH by mixing water through a Nafion membrane
humidifier at 30 °C. After passing through a saturator (Perma Pure Inc., USA), the
aerosols are dried to a target RH level (RH2) through a series of two single-Nafion
tubes (Perma Pure Inc., USA) with RH2 set to a value in the range of 90 to 5 % RH.
Here, a pulse width modulator circuit is used to regulate the sheath flow on the basis of
a proportional integral derivative system. When the second Nafion membranes allow
for regulating the sheath flow to a desired RH and for controlled flow into the sample
stream until the RH2 setting value is equal to the excess RH of sheath flow value (RH3),
the mobility diameter of the dehumidified of aerosols at target RH are measured with
the second DMA (DMA2, a scanning DMA) coupled with a condensation particle
counter (Model 1500, MSP). In addition, the residence time between the humidifier and
DMA2 is around 5 s, which is estimated to be sufficient for aerosols to grow or shrink
to equilibrium size at a certain RH set point. Also, due to recirculation of the sheath
flow and the pre-humidification of the aerosol flow, the sheath flow and aerosol sample
flow are enabled to rapidly reach the same RH.
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Table 1. Substances and their physical properties used in this work.

Chemical
compound

Ammonium sulfate

Levoglucosan

4-Hydroxybenzoic
acid
Humic acid
a

Chemical formula

(NH4)2SO4

Molar

Density in solid

Mass

or liquid state

[g mol-1]

[g cm-3]

132.140

C6H10O5

126.100

C7H6O3

138.100

NA

Solution surface
Solubility

Tension

(g/100cm3H2O)

[J m-2]

1.770a (solid),

74.400

0.072

Alfa

1.550a (liquid)

(at 20℃)

(0.001-10mg/mL)

99.95%

1.618b (solid)

0.073c

Aldrich,

1.512b (liquid)

(0.01-10mg/mL)

99%

Manufacturer

Aesar,

1.460 (solid)

0.675

0.070e

Alfa

1.372d (liquid)

(at 25℃)

(>10mg/mL)

99.99%

NA

0.073g

Aldrich, 99%

0.800f (solid)

Aesar,

Clegg and Wexler, (2011); bLienhard et al, (2012); cTuckermann and Cammenga (2004) at 293K; dJedelsky et al, (2000); eKiss et al, (2005); fYates III and Wandruszka, (1999);

g

Mikhavilov et al. (2008).
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Table 2. The chemical composition of biomass-burning model mixtures studied given
as mass percentages (wt %).
Mixture name

Levoglucosan

4-Hydroxybenzoic acid

Humic acid Ammonium sulfate

Mix-bio-dry

Sulfate
87.2%

9.2%

1.5%

2.1%

Mix-bio-wet

68.0%

26.0%

3.0%

3.0%

Figure 1. Schematic of the hygroscopicity tandem different mobility analyzer (HTDMA) system. The
sheath flow, aerosol flow, and water flow have been represented by the blue, black, green line,
respectively. PWM: Pulse Width Modulator circuit.

2.3 Theory and modeling methods
Models were applied to explore the extent to which measured (HGFs), particle phase
states, and phase compositions under sub-saturation conditions can be predicted by
thermodynamic equilibrium models. For the AS-containing systems studies, the current
thermodynamic equilibrium predictions account for a crystalline AS phase with solidliquid equilibria prior to the complete deliquescence of AS under hydration conditions.
Similarly, the crystallization point followed by a solid-liquid equilibrium (SLE) of AS
needs to be considered to predict the effect of organic components in the mixed particles
on the shift/suppression of AS efflorescence during aerosol dehumidification, i.e.
referring to processes occurring along the dehydration branch of a HTDMA
humidification-dehumidification cycle. The calculation of the ERH of AS in an
organic-inorganic solution is thermodynamically related to the solubility limit, but it is
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not strictly deterministic (unlike the DRH) due to the stochastic nature of nucleationand-growth of a crystal embryo. The molality of pure AS at saturation in an aqueous
(𝑠𝑎𝑡)

solution is known, e.g. measured by Apelblat (1993) at 298.15 K as 𝑚𝐴𝑆 = 5.790 mol
kg-1, while measurements are most often not available for the solubility limit of AS in
aqueous inorganic-organic systems. However, crystalline AS in equilibrium with an
aqueous mixture demonstrates a specific molal ion activity product (IAP) in that
solution at a given temperature and atmospheric pressure. For example, in the case of a
ternary liquid mixture of levoglucosan + AS + water in SLE with a crystalline AS phase
(sat)
at a certain temperature T, a constant molal ion activity product IAPAS = IAPAS (𝑇) is

established (necessary SLE condition). In this case the liquid mixture is a so-called
saturated solution with respect to AS. While the molar amount of AS in a saturated
(sat)
solution depends on the other mixture constituents, the value of IAPAS (𝑇) is a

function of temperature only, since it is derived from the fixed chemical composition
and associated chemical potential of the crystalline phase. A reference value for
(sat)
IAPAS (𝑇) can therefore be calculated with the AIOMFAC model from an

experimentally determined solubility limit of AS in a known mixtures, such as the
molality of AS at the point of saturation in the binary aqueous system (water + AS).
The RH at which full dissolution of a solid phase upon humidification is just reached,
the DRH, is directly related to the conditions at which a saturated solution becomes
subsaturated upon addition of water. Here the degree of saturation with AS can be
determined unambiguously by the computed value of IAP AS as a function of mixture
composition and temperature. Making use of these thermodynamic relationships, the
AIOMFAC-based equilibrium model is used to calculate the DRH and ERH of AS in
the multicomponent system, as outlined below. Detailed information on the modeling
of solid-liquid equilibria and the IAP-based prediction of ERH is given in Zuend et al.
(2011) and Hodas et al. (2016). Briefly, the ERH is determined based on the following
equations:
(𝑚) 2

(𝑚)

1

IAPAS = [𝑎𝑁𝐻 + ] [𝑎𝑆𝑂2− ]
4

[crit]

IAPAS

(1)

4

(sat)

= 𝑐AS × IAPAS

(𝑚)

(𝑚)

4

4

(2)

Here 𝑎𝑁𝐻 + and 𝑎𝑆𝑂2− are the molal activities of the ammonium and sulfate ions in
solution (Zuend et al., 2010). Molality basis is indicated by superscript “(m)” (which is
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(sat)

not a mathematical exponent). IAPAS

denotes the molal ion activity product of AS at

salt saturation computed by the thermodynamic equilibrium model for any aqueous AS
system at a certain temperature (here 298.15 K). The calculated molal IAP at saturation
of the corresponding binary salt solution is taken as the (known) reference value. The
[sat]

RH at which this IAPAS

value is just reached in certain bulk solution at equilibrium
(sat)

with its environment (in contrast to IAPAS < IAPAS at higher RH), is the (bulk) DRH
of AS. Similarly, the ERH is determined at the point of crystallization by a critical IAP
[crit]

value denoted as IAPAS

[crit]

(Hodas et al., 2016), the value of IAPAS

[sat]

> IAPAS

expresses the need for reaching a critical IAP threshold (critical level of AS supersaturation) for highly likely nucleation-and-growth of a new crystalline AS phase. The
multiplication factor 𝑐AS is used as a constant coefficient relating the IAP at AS
saturation to the one expected at the point of crystallization in aqueous mixed particles.
From the comparison of laboratory measurement of ERH for aqueous AS solution to
the AIOMFAC-predicted IAPAS at that RH, the value of cAS ≈ 30 was determined; this
value is in particular applicable to submicron-sized AS droplets (Zardini et al., 2008;
Ciobannu et al., 2010).
An analogous approach is used for the ERH predictions with the E-AIM model,
however, since E-AIM provides activity coefficients and activities on mole fraction
(𝑥)

basis, denoted here by superscript “(x)” (rather than molality basis), the value of 𝑐AS

need to be determined separately for that model. Expressing Eq. (1) by mole-fraction(sat,𝑥)

based activities of NH4+ and SO2−
4 and comparison to the IAPAS

(crit,𝑥)

and IAPAS

computed by E-AIM for AS at the experimental solubility limit and ERH in aqueous
(𝑥)

AS solutions, a value of 𝑐AS ≈ 40 was determined for the calculation with E-AIM.
As discussed by Lei et al. (2014), predicting of HGFs with E-AIM includes a
sophisticated composition-dependent solution density model, which considers the nonideality effects on apparent molar volumes used for the calculation of the solution
density in mixed organic-inorganic systems (Clegg and Wexler, 2011a, b). The
AIOMFAC-based model applies a simpler solution density treatment by assuming that
the partial molar volumes of solution species are independent of non-ideal interactions,
i.e. the mixed solution density is calculated based on linear additivity of pure
component solid or liquid volume contributions to obtain the HGF at a given RH.
Differences in the density models are expected to lead to relatively small differences,
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typically on the order of the HTDMA measurement error or less (e.g. Fig. 2a), in the
application to HGF predictions, as demonstrated by Lei et al. (2014) for the case of
diameter vs. mass-based HGF of AS droplets. Both models include sophisticated sets
of equations to compute activity coefficients of all solution components in a
thermodynamically consistent manner.
2.4 ĸ-Köhler theory and computation of the hygroscopicity parameter ĸ
The hygroscopicity parameter, ĸ, is commonly used to characterize the relative
hygroscopicities of individual aerosol particles, known mixtures or complicated
atmospheric aerosols (Petters and Kreidenweis, 2007), and to model the compositiondependence of the solution water activity. The saturation ratio, S, in the traditional
Köhler equation (Eq. 3), over an aqueous droplet is calculated from
4𝜎 𝑀

𝑆 = 𝑎𝑤 (𝑅𝑇𝜌 𝑠 𝐷𝑤 )

(3)

𝑤 𝑤𝑒𝑡

Where aw is the mole-fraction-based water activity in solution, Mw and ρw are the molar
mass of water and the density of pure water in the liquid state at temperature T,
respectively. Dwet, the “wet” particle diameter at a given RH, is defined by 𝐷𝑤𝑒𝑡 =
𝐻𝐺𝐹 × 𝐷0 . D0 denotes the diameter at dry conditions at RH below 5 %. The solution
surface tension is denoted by σs. In the “ĸ-Köhler theory”, the bulk solution water
activity is described by a single parameter ĸ, with the hygroscopic parameter of the
overall mixture related to Eq. (3) by
ĸ𝐻𝐺𝐹 = 1 − 𝐻𝐺𝐹 3 +

𝐻𝐺𝐹 3 −1
𝑆

4𝜎𝑀𝑤

exp [𝑅𝑇𝜌

𝑤 𝐷𝑤𝑒𝑡

]

(4)

This expression describes effective values of ĸ𝐻𝐺𝐹 as a function of droplet diameter and
HGF at a certain saturation ratio. In turn, known (measured) solution ĸ𝐻𝐺𝐹 values or
component-specific ĸ𝑖 values can be used to parameterize or predict the HGF curve of
a mixture (Petters and Kreidenweis, 2007).
2.5 GF data fit
As described by Dick et al. (2001), the relationship between measured hygroscopic
growth factors and water activity can alternatively be parameterized by the following
expression:
𝐻𝐺𝐹 = [1 + (𝑐1 + 𝑐2 × 𝑎𝑤 + 𝑐3 ×

2 ) 𝑎𝑤
𝑎𝑤
1−𝑎

𝑤

]

1
3

(5)

By substitution of Eq. (3) for aw in Eq. (5) and a fit to the measured HGF the three
adjustable coefficients 𝑐1, 𝑐2 , 𝑐3 of Eq. (5) were determined. The coefficient values are
given in Table 3 for the different organic compounds considered.
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2.6 GF prediction by ZSR
The ZSR mixing rule is widely used to approximate the water uptake of mixed systems
by assuming additivity of the water uptake of each individual component in the mixed
particles at a given RH (e.g., Malm and Kreidenweis, 1997). HGFmix is based on the
HGFj of pure components j and their corresponding volume fraction, εj in the mixed
particles.
1

3 3

𝐻𝐺𝐹𝑚𝑖𝑥 = [∑𝑗 𝜀𝑗 (𝐻𝐺𝐹𝑗 ) ]

(6)

Table 3. Coefficients (c1, c2, c3) of the fitted growth factor parameterization (Eq. 5) as
follows:
Chemical compounds

c1

c2

c3

Levoglucosan

0.12868746

0.36582023

-0.39840382

4-Hydroxybenzoic acid

-1.389967×10-1

2.325586×10-1

-9.891943×10-2

Humic acid

-1.618304×10-2

2.202483×10-1

2.005134×10-2

3 Results and discussion
3.1 GF of single compounds systems
Figure 2a shows the measured diameter growth factors of AS particles as a function of
RH for both humidification and dehumidification conditions. The measured ERH of
100 nm AS particles is approximately 35 % RH at 298.15 K. The models predicted GF
and predicted solid-liquid phase transition of AS are in relatively good agreement with
the experimental data and, in particular, the efflorescence (crystallization) of AS is
captured by the AIOMFAC and E-AIM models. The good model-measurement
agreement for the ERH is of course expected, since the aqueous AS system serves as
(sat)

the reference system for determining the value pairs of IAPAS and 𝑐𝐴𝑆 on molality and
mole fraction basis for use with AIOMFAC and E-AIM, respectively (section 2.3). An
ERH of 31 % to 40 % RH was reported by other groups for a range of particle sizes and
experimental techniques (Zardini et al., 2008; Ciobanu et al., 2010). There are several
factors that contributed to the variability of reported ERH values, such as particles size,
temperature, solution impurities and the stochastic nature of the homogeneous or
heterogeneous nucleation of a crystalline phase near ERH (Ciobanu et al., 2010).
In Fig. 2b, upon dehydration, no efflorescence of the levoglucosan aerosol particles is
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observed even at RH below 10 %. The agreement of the HGF between the hydration
and dehydration processes demonstrates that these particles equilibrate with the
surrounding water vapor under these moisture conditions. For example, the measured
diameter growth factors of levoglucosan particles at 80, 60, and 30 % RH are 1.19,
1.09, and 1.03, respectively, which are similar to results obtained for the hydration
process of such particles. Levoglucosan has a DRH of ~80 to 83 % (for a bulk system)
at 293 to 298 K (Mochida and Kawamura, 2004; Zamora et al., 2011). The similarity
of diameter growth factors both under hydration and dehydration conditions even below
the DRH of levoglucosan is explained by the lack of crystallization of levoglucosan
upon drying to low RH and the presence of a metastable supersaturated aqueous
levoglucosan solution in both the hydration and dehydration modes for experiments
initiated with liquid solution droplets (Mochida and Kawamura, 2004; Chan et al.,
2005; Svenningsson et al., 2006). A possible reason for a persistent metastable
supersaturated solution states is that levoglucosan particles remain liquid (possibly a
viscous liquid state) upon drying to below 5 % RH, which was also observed previously
with a reported ERH < 4 % RH (Mochida and Kawamura, 2004; Chan et al., 2005).
Also, the measured diameter growth factors of levoglucosan particles are in good
agreement with these estimated from the standard UNIFAC model within the E-AIM
model and the AIOMFAC model, within experimental uncertainty. The UNIFAC
models within E-AIM and AIOMFAC are based on the original model expressions by
Fredenslund et al. (1975) and both include the extensive parameter set by Hansen et al.
(1991) as well as revised parameters for certain group interactions of water with
carboxyl and hydroxyl groups by Peng et al. (2001). Of relevance for levoglucosan and
other sugar-like compounds, the AIOMFAC model also contains certain revised group
parameters for hydroxyl groups and special alkyl groups for their interactions with
water, introduced by Marcolli and Peter (2005) for polyols, as further detailed in Zuend
et al. (2011). However, the molecular structure of levoglucosan with several polar
functional groups in close vicinity may account for a small deviation between models
and measured HGFs at RH below 70 %, because intramolecular interactions are not
fully considered by these models.
The measured diameter growth factors of 4-hydroxybenzoic acid particles shown in
Fig. 2c demonstrate untypical increase in diameter of 4-hydroxybenzoic acid particles
during dehumidification from 90 to 10 % RH, which is consistent with previous
99

diameter growth factor for a few solid particles (Mochida and Kawamura, 2004). The
organic particles measured are likely always in the effloresced, i.e. crystalline state
apparently even at high RH. The apparent increase in diameter during dehumidification
may be explained by particle shape restructuring, since the (poly)crystalline particles
are likely non-spherical at dry conditions, but may become more sphere-like in shape
when exposed to higher RH (Mikhailov et al., 2004). Also, no ERH of 4hydroxybenzoic acid in the dehydration mode was observed during the experiments;
the likely reason is that the highest RH reached in the humidifier was approximately
98 %, which may be below the ERH of 4-hydroxybenzoic acid, reported as above 98 %
RH in another study (Mochida and Kawamura, 2004). As discussed previously by Lei
et al. (2014), our HTDMA experiments are carried out such that RH = 98 % is reached
initially before dehumidification to a series of RH values at set point RH2 (90-5 % RH),
the crystallization of the organic, however, could occur at above 90 % RH. In addition,
deviations between measurements and model prediction are obvious in Fig. 2c. The
observations surpass by far the expected error in model performance, which is typically
less than 0.05 in HGF units for RH < 85 %, as indicated also by an intercomparison of
the AIOMFAC and E-AIM predictions in Fig. 2c and much- improved modelmeasurement agreement for the case of mixed 4-hydroxybenzoic acid + AS particles
shown in Fig. 4 (discussed in Section 3. 2. 2). However, note that the validity of the
shown model predictions in Fig. 2c depends on whether the assumption of a liquid
solution droplet is plausible. Therefore, it is no surprise that the model-predicted curves
deviate from the experimental hygroscopic behavior of 4-hydroxybenzoic acid
particles. Morphology effects, such as the restructuring of non-spherical polycrystalline
particles over a certain RH range or liquid-liquid phase-separated particles of
nonspherical shapes, have been discussed by several groups (Sjogren et al., 2007; Reid
et al., 2011; Lei et al., 2014). In the case of hygroscopic growth and deliquescence under
hydration conditions for 4-hydroxybenzoic acid particles and mixtures of 4hydroxybenzoic acid with ammonium sulfate. An offset between measurement and
model predictions was observed both in the RH range below the deliquescence of the
particles and above it, i.e. above 80 % RH, (Lei et al., 2014). It is suggested that
deviations are primarily caused by a change in solid-state particle morphology during
hydration, leading to a restructuring of the polycrystalline particle shape towards more
compact, near-spherical shape as the RH approaches the particle deliquescence point.
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This would explain rather uncommon HGF values of less than 1.0 at elevated RH also
shown in Fig. 2c. Similar behavior was found for experimental growth factors of
mixtures containing adipic acid and AS and systematic deviations between the
associated ZSR predictions and observations by Sjogren et al. (2007). Thus, while
experimental data hint to the possible influence of non-spherical particles and their
humidity-induced restructuring as a source of uncertainty, model predictions of HGF,
such as those with the AIOMFAC model, assume by default a spherical particle shape
even for solid phases and/or in cases in which liquid-liquid phase separation (LLPS) is
present.
The measured HGF curves of humic acid aerosol particles during dehumidification
and humidification measurements do not agree very well within experimental
uncertainty, in particular above 70 % RH. For instance, the growth factor of humic acid
aerosol particles at 80 % RH is 1.2 according to the dehumidification measurement,
which is higher than hygroscopic growth factor of humic acid particles in the
humidification mode at the same RH. Humic acid aerosol particles shrink continuously
due to loss of water content in the range from 90 to 10 % RH. For example, a stepwise
change in the water absorption and desorption behavior within different RH range was
observed in the case of Nordic Aquatic Fulvic Acid (NAFA) and Suwannee River
Fulvic Acid (SRFA) by Chan and Chan (2005). These hygroscopic behaviors suggest
that humic acid particles and structurally similar compounds remain some water down
to the low RH levels achieved in the instruments (imperfect drying during particle
residence in the instrument). In addition, the experimental growth factor of humic acid
aerosol particles during dehumidification can be represented well by fitting Eq. (5) to
the measurements. The determined fit parameters are listed in Table 3. The humic acid
sample used (Aldrich, 99%) are a mixture of different polycarboxylic acids of
undefined chemical structure. However, specific information on the chemical structure
and mixture composition is necessary for corresponding model predictions with
AIOMFAC and E-AIM. Therefore, no such model calculations are shown in Fig. 2d.
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Figure 2. Hygroscopic growth, deliquescence and efflorescence of aerosol particles. Hygroscopic growth
factors of (a) ammonium sulfate (AS), (b) levoglucosan, (c) 4-hydroxybenzoic acid, and (d) humic acid
aerosol particles with dry diameter of 100 nm (open, black square). In this study, the green curves show
E-AIM predictions, and the red curves the AIOMFAC predictions, and the blue lines the fitted expression
(Eq. 5).

3.2 GF of mixtures of organic surrogate compounds + ammonium sulfate
Biomass burning aerosol particles are likely mixtures of a diversity of inorganic
constituents and organic compounds in the atmosphere. For example, particles may
consist of a combination of ammonium sulfate mixed with low- and semi-volatile
organics from biomass burning emissions (Lee et al., 2003; Zhang et al., 2007; Pratt
and Prather, 2010). Different water solubilities, and hygroscopic behavior of distinct
organic compounds may affect the hygroscopic growth factors of mixtures of partially
or fully dissolved inorganic and organic components. For example, Bodsworth et al.
(2010) studied the effect of different mass fractions of citric acid on the efflorescence
properties of mixed citric acid-ammonium sulfate particles at lower temperature and
concluded that adding citric acid decreases the ERH of ammonium sulfate in the mixed
aerosol particles. These hygroscopic behaviors of mixed aerosol particles, including
phase transition in the range from moderate to low RH, are the focus of attention in this
study.
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3.2.1 Mixed system: levoglucosan + ammonium sulfate
Figure 3 shows measured growth factors of mixed aerosol particles containing
levoglucosan + ammonium sulfate with different dry-state organic-to-inorganic mass
ratios (1:3, 1:1, 3:1) in the RH range from 90 to 10 %. There is a reduction in the
diameter growth factor of aerosol particles containing levoglucosan and AS with
increasing levoglucosan mass fraction, as expected from a ZSR-like additivity concept
of hygroscopicity. When the concentration of levoglucosan is low (25 wt %), a clear
efflorescence signature of AS found, within the ERH shifting to a higher RH (40-45 %)
in comparison to the ERH of pure AS occurring at 33-35 % RH (Fig.3a). A similar
phenomenon has been found for the certain mixtures of NaCl and Nordic Aquatic
Fulvic Acid (NAFA), in which the crystallization of NaCl shifted to higher RH by
mixing with NAFA at a mass ratio of 1:1 (Chan and Chan. 2003). With increasing mass
fraction of levoglucosan (i.e., 50 and 75 wt %), the mixtures release water gradually
and no crystallization of AS was observed. Although a small step in the growth factor
curve might have occurred (indicative of the crystallization of AS), it cannot be detected
with sufficient certainty by our measurement setup. The rather high viscosity of
solutions containing levoglucosan is expected to increase considerably toward RH
(Marshall et al., 2016). This increase in viscosity might impede the crystallization of
AS in the mixed systems on the time scale of the experiment. Mass transfer limitation
effects on the deliquescence or efflorescence process of crystalline organic particles
and the water uptake or evaporation have been investigated in several experimental
studies (Peng et al., 2001; Choi and Chan, 2002; Chan and Chan, 2005; Sjogren et al.,
2007; Zardini et al., 2008; Ciobanu et al., 2010; Smith et al., 2012; Mikhailov et al.,
2013; Hodas et al., 2015). Mass transfer limitations may impact the outcome of
experiments significantly if the characteristic time scales for equilibration is similar to
or larger than the residence time of particles in the experimental setup. In this study,
the total residence time of the aerosol sample during the equilibration phase before
entering the DMA2 is about 8 s. In order to improve the probability that the particles
reach equilibrium with the target RH during this residence time, the monodisperse
aerosol selected by DMA1 is first humidified to 98 % RH. The aerosol particles are
then exposed to a lower target RH by a two-step process using double Nafion tubes.
Kerminen (1997) estimated the necessary residence time for achievement of water
equilibrium of aqueous droplets to be between 0.005 and 0.1 s (water uptake coefficient
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αw = 0.001, 25°C) for 100 nm and 500 nm particles, respectively. Therefore, the typical
residence time of a few seconds in the humidification or dehumidification section in a
HTDMA measurement is assumed to be sufficient for most equilibrium hygroscopicity
measurements (Brooks et al., 2004; Mikhailov et al., 2004). Moreover, our HGF results
for the three pure organic components are in good agreement with respective data by
Mochida and Kawamura, (2004), Brooks et al., (2004) and Chan and Chan (2005)
conducted with different techniques and/or residence times. However, there are cases
where water equilibration could be impeded substantially in the presence of highly
viscous or glassy particles at low RH, e.g. for ternary sucrose + NaCl + water particles
of > 6 μm in diameter studied by Bones et al. (2012), who report an equilibration time
scale > 1000 s for such particles. Note that, aside from viscosity, there is an important
size-dependence of the particles on the equilibration time scale (e.g. Koop et al. 2011).
For aqueous 100 nm particles used in HTDMA experiments at room temperature, Bones
et al. (2012) indicate that the equilibration time scale for water is likely only of concern
for RH < 10 % in such an instrument. We therefore conclude that the residence time of
8 s is very likely sufficient to allow for equilibrium HGF measurements in dehydration
mode, at least down to 10 % RH (when starting with aqueous solution droplets).
Mass transfer effects in hygroscopicity measurements of aerosol particles during
hydration conditions have been encountered previously, particularly when a solidliquid phase transition (deliquescence) is involved (Peng et al., 2001; Chan and Chan,
2005). For example, Peng et al. (2001) observed in electrodynamic balance (EDB)
experiments under conditions of very slow humidification that glutaric acid aerosol
particles showed a deliquescence phase transition in the RH range from 83 to 85 % over
the course of several hours. This is a much longer time span than that of ~ 40 min for
the deliquescence of other super-micron sized dicarboxylic acid particles (e.g., malonic
acid) in EDB experiments. This observation indicates that the solid-liquid phase
transition of glutaric acid particles may likely be mass transfer limited during the
hydration process. In this context, it is possible that the deliquescence of initially solid,
pure 4-hydroxybenzoic acid particles at RH > 97 % is further impeded by slow
dissolution, which could have led to the absence of deliquesced particles (Fig. 2c) on
experimental timescale.
In addition, the measured diameter growth factors of mixtures of levoglucosan and AS
are compared to calculations of hygroscopic growth by the E-AIM and AIOMFAC
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models. The E-AIM prediction is in relatively good agreement with results from the
HTDMA measurement but typically overestimates the water content of particles
consisting of organic-AS mixtures at the RH range close to the ERH of AS. The liquidsolid phase transition of ammonium sulfate in the mixed particles is considered in the
E-AIM assumptions as described in Section 2.3. There is a more distinct shift of ERH
of AS with higher mass fractions of levoglucosan. In the case of the AIOMFAC and EAIM model predictions, it is assumed that the diameter growth factor contribution from
AS is zero below the predicted ERH, i,e. there the growth factor deviation from 1.0 is
solely due to the organic water uptake. The model prediction shows a slight deviation
from the measurements, which may be in part due to (i) model uncertainty in the correct
description of the hygroscopicity of levoglucosan, (ii) due to incomplete representation
of AS + levoglucosan interactions in aqueous solutions and (iii) in part due to
measurement error. Also, in the case of mixtures consisting of AS and levoglucosan
with organic-to-inorganic dry mass ratio of 3:1 (75 wt % levoglucosan of dry particle
composition), the underestimation of the growth factor by the AIOMFAC model at RH
< 35 % in comparison to the measurements is explained in part by the model prediction
of AS efflorescence (which seems to be absent in the measurements). However, with
decreasing AS mass fraction, the hygroscopic behavior of levoglucosan dominates the
diameter growth factors of the mixtures, in relative agreement with the AIOMFACmodeled “dehydration branch” prediction. Minor differences in the AIOMFAC
prediction vs. -measurement for diameter growth factors of mixed levoglucosan and
AS in the RH range of 35-25 % here might be attributed to mixture viscosity effects at
the higher levoglucosan contents, which may suppress the efflorescence of AS in the
mixed systems on experimental timescale or it could simply be due to sufficient
miscibility of dissolved AS in the aqueous levoglucosan solution (beyond that predicted
by the model), such that a small step-change due to AS efflorescence could be beyond
the experimental detection range. As a result, accounting for the effect of the organic
components on the diameter growth factors of mixtures within aerosol particles is
crucial to accurately modelling the equilibrium hygroscopic behavior.
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Figure 3. Hygroscopic growth, efflorescence of aerosol particles, and model predictions represent the
diameter growth factor during dehydration experiments in the range from 90 % to 5 % RH at 298.15 K.
(a,b,c). Hygroscopic growth curves of mixtures consisting of levoglucosan and ammonium sulfate (solid
symbols) at three different dry state mass fraction for particles of an initial dry diameter of 100 nm at RH
< 5 %) as compared to that of pure ammonium sulfate (open symbols, “AS, obs”). AIOMFAC-based
model predictions for bulk systems are shown in red, E-AIM predictions are shown in green.

3.2.2 Mixed system: 4-hydroxybenzoic acid + ammonium sulfate
Mixtures of 4-hydroxybenzoic acid + AS with different organic mass fraction (25, 50,
75 wt %) exhibit a gradual water desorption before the AS fraction of the particle
effloresces at a certain RH. With increasing 4-hydroxybenzoic acid mass fraction, no
discontinuity step at the corresponding ERH in the dehydration curve of mixtures is
observed. This suggests the presence of 4-hydroxybenzoic acid in the liquid state
retards or offsets the efflorescence of AS in the mixtures. An interesting, yet contrasting
phenomenon was observed for the hydration process of aerosol mixtures containing 4hydroxybenzoic acid and AS by Lei et al. (2014). For the case of these mixtures during
moistening, the deliquescence of ammonium sulfate in the mixed particles remains
unaffected, within experimental resolution, by the presence of 4-hydroxybenzoic acid
(Lei et al., 2014). Similar behavior has been observed for particles containing certain
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organic acids of limited water-solubility mixed ammonium sulfate (Choi and Chan,
2002; Chan and Chan, 2003). For example, mixtures for succinic acid + ammonium
sulfate showed no substantial influence on the deliquescence RH of ammonium sulfate
in the hydration process (Choi and Chan, 2002). However, a clear RH shift of the
deliquescence phase transition of ammonium sulfate or sodium chloride was
determined for mixed particles containing organic acids of higher water-solubility and
O: C ratio, such as citric acid and malonic acid (e.g. Choi and Chan, 2002). The DRH
and ERH of pure organics and AS in the mixed organic-AS particles are summarized
in Table 4, the measurements indicate that 4-hydroxybenzoic acid has a significant
effect on the efflorescence of AS when present in sufficient amount. Also, there is a
clear reduction in the diameter growth factors prior to crystallization for mixtures with
increasing 4-hydroxybenzoic acid mass fraction.
The measurements of mixtures consisting of 4-hydroxybenzoic acid and AS are
compared with model predictions based on different assumptions about the phase state
of the organic component since the deviation from measurements might partly be
explained by a transition in the physical state of the organic component. The E-AIM
model prediction is referring to a system where the mixtures of 4-hydroxybenzoic acid
is assumed to be in the liquid state at all RH levels, which the efflorescence of AS is
considered. Neglecting the potential efflorescence of the organic component in the
dehydration branch makes a systematic offset more obvious prior to the efflorescence
of AS. A good E-AIM model-measurement agreement occurs below the predicted ERH
of AS for mixed particles. The overestimation of HGFs before the efflorescence of AS
is explained by the AIOMFAC model prediction with distinct assumptions about the
organic phase state. A possible reason for the departure of model-measurement
agreement at RH < 80 % is that there are two liquid-to-solid phase transitions, occurring
in the mixed particles: a gradual one for the organic component and a step-like one for
AS at lower RH. This phenomenon is shown in the grid square range in Fig. 4 and
supported by comparison of the measured HGF data with AIOMFAC-based predictions
for two assumptions about the organic phase state, especially in the case of mixtures
with 50 and 75 wt % organic. We acknowledge that the model predictions of the HGF
curves for the two organic phase state assumptions differ within experimental error for
the case shown in Fig. 4a, indicating that alternative explanations, such as
model/measurement uncertainty in the absence of a liquid-solid phase transition could
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explain the observations. In the Fig. 4b, good agreement between measurements and
the AIOMFAC model prediction with liquid organic assumption is found for RH >
65 %, while for RH ≤ 60 % the experimental data agree very well with the dashed red
model curve for the case with consideration of a solid organic component. It suggests
that crystallization followed by gradually increasing partitioning of organic from the
solution to the solid organic phase occurs in the range from 70 to 60 % RH under
conditions of dehumidification. Similarly, a liquid-to-solid phase transition occurs for
the organic: AS mass ratio of 3:1 cases in the range from 80 to 50 % RH. Meanwhile,
AS remains dissolved in a supersaturated aqueous solution phase. Moreover, the
AIOMFAC-based equilibrium model predicts a liquid-liquid phase separation (LLPS)
to occur at RH below ~ 90 % for the calculation cases with the assumption of the organic
in the liquid state (for all three organic mass fractions in Fig. 4). This prediction leads
to a liquid phase enriched in 4-hydroxybenzoic acid with some water and AS dissolved
and a coexisting liquid phase enriched in AS and water. The onset of the LLPS during
dehumidification leads to the kink in the red model curve near 90 % RH, since the slope
of the HGF curve with RH changes in a non-smooth manner at the point of the LLPS
phase transition. This change in slope is not noticeable from the experimental data
alone, but the model-measurement comparison for the range above 80 % RH shows
very good agreement. The two liquid phases will likely remain separated until
nucleation of a crystalline 4-hydroxybenzoic acid phase occurs followed by gradual
partitioning of the organic acid to the solid phase with decreasing RH (to ~50 % RH),
at which point only a single liquid phase (an aqueous AS phase with a tiny amount of
dissolved HA) will remain until efflorescence of AS occurs. Above ~90 % RH, a single,
homogeneous liquid phase is predicted to exist. Interestingly, this AIOMFAC modelmeasurement comparison (Fig. 4, especially panels b and c) provides reasonable
evidence that 4-hydroxybenzoic acid remains dissolved and therefore in a liquid phase
state at high RH in the mixed particles upon dehumidification (it is present in both
liquid phases below 90 % RH, but highly enriched in the AS-poor phase). In contrast,
in the case of pure 4-hydroxybenzoic acid aerosol particles, particles exposed to initial
RH of ≥ 90 % remain in the solid state ( or crystallize at RH > 90 %) in the dehydration
mode (Fig. 2c). What factors contribute to keeping the organic in the liquid solution? It
is possible that the aerosols generated with those mixed solutions were allowing the 4hydroxybenzoic acid to fully dissolve as the AS provides substantial particle phase
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water content (within short time) into which the organic can be dissolved and may then
further contribute to water uptake associated with the organic’s hygroscopicity (unlike
in the case of the pure 4-hydroxybenzoic acid particles). The 4-hydroxybenzoic acid
remains dissolved in the mixture, possibly supersaturated with respect to the crystalline
organic state (similarly to how AS stays supersaturated at RH below the DRH during
drying). We consider this a reasonable explanation for the observed HGF data from the
HTDMA in comparison to the different AIOMFAC-based curves.
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Figure 4. Hygroscopic growth factors, efflorescence of behavior, and model predications for dehydration
experiments in the range from 90 % to 5 % RH at 298.15 K. (a,b,c) hygroscopic growth curves of
mixtures consisting of 4-hydroxybenzoic acid and ammonium sulfate (solid symbols) at three different
dry state mass fraction (initial dry diameter of 100 nm at RH < 5 % ) as compared to that of pure
ammonium sulfate (open symbols). AIOMFAC-based model predictions for bulk systems are shown in
red, E-AIM-predictions are shown in green for the case of assuming that 4-hydroxybenzoic acid remains
in the liquid state. Shaded rectangle: RH range of gradual crystallization of 4-hydroxybenzoic acid.
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Table 4: Experimental studies of organic and ammonium sulfate (AS) deliquescence and efflorescence RH
from this work and previous studies at 298K.
Signal compound/Mixture

Organic mass fraction
(%)

Deliquescence

Efflorescence

relative humidity

relative humidity of

of AS or organic

AS or organic in the

in the mixed

mixed particle

particle
Levoglucosan

-

80 %a, b

< 4 %a, b

82.8 %c

Levoglucosan+AS

4-hygroxybenzoic acid

4-Hydroxybenzoic acid+AS

Humic acid

Humic acid+AS
a

25

80 %

45 %

50

-

-

75

-

-

-

> 97 %a, b

< 4 %a, b

25

80 %

35 %

50

80 %

25 %

75

80 %

-

-

-

-

20

80 %

35 %

50

80 %

35 %

75

80 %

35 %

the DRH and ERH of pure organic components. bMochida and Kawamura. (2004), cZamora et al. (2011)

3.2.3 Mixed system: humic acid + ammonium sulfate
Figure 5 shows that the experimental diameter growth factors of mixtures consisting of
humic acid and AS with dry mass ratios of 1:3, 1:1 or 3:1 decreases with increasing
mass fraction of humic acid at RH > 35 %. For example, at 35 % RH the measured
HGF are 1.1, 1.05, 1.05 for the particles consisting of 25, 50, and 75 wt % humic acid.
In comparison, the diameter growth factor of pure supersaturated AS particles is ~ 1.13
just prior to efflorescence of AS. Humic acid, unlike levoglucosan and 4hydroxybenzoic acid aerosol particles, has no noticeable effect on the efflorescence
point of AS in the mixed aerosol particles. Results of the ZSR model agrees well with
measured hygroscopic growth for mixtures within the experimental error. The ZSR
curves shown in Fig. 5 are based on the RH-dependent fitted hygroscopic growth
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factors of humic acid with Eq. (5) and the AIOMFAC predicted diameter growth factors
of AS in the dehydration mode. The success of the ZSR mixing rule for this system
suggests that interactions of organic molecules with ammonium sulfate ions in aqueous
solution will only marginally affect the hygroscopic growth factors of the mixtures
containing humic acid and AS. Due to the lack of detailed information about the actual
chemical structures of humic acid samples used, it was not possible to perform E-AIM
and AIOMFAC model predictions for comparison with the measurement.
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Figure 5. Hygroscopic growth factors, efflorescence of aerosol particles/constituents consisting of humic
acid and ammonium sulfate at three different dry state mass fractions with initial dry diameter of 100 nm
at RH < 5 % as compared to that of pure ammonium sulfate (open symbols). Colored curves: ZSR
predictions of dimeter growth factors for dry particle compositions corresponding to the experimental
data during dehumidification in the range from 90 % to 5 % RH at 298.15 K.

3.3 Mixtures of biomass burning organic surrogate components with ammonium
sulfate
According to Decesari et al, (2006), sampling of aerosol particles, including the watersoluble organic carbon (WSOC) fraction, was conducted from 9 September to 14
November, 2002 in their field study, the sampling time was subdivided into different
periods. Despite of significant changes in the chemical composition of tracer
compounds from the dry to the wet period, the functional groups and general chemical
classes of WSOC changed only to a small extent in the Amazon basin near Rondônia,
Brazil. Model compounds represent semi-quantitatively (presence/abundance of
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functional groups) and the chemical structure of WSOC can be used as surrogates in
microphysical models involving organic aerosol particles over tropical areas affected
by biomass burning scenarios (Andreae et al., 2002; Artaxo et al., 2002; Rissler et al.,
2006; Decesari et al., 2006). Here, we focus on experimental observations and model
calculations for relatively simple mixtures of inorganic-organic surrogate components
reflecting mixtures of aerosol components found during different seasons during
biomass burning events. However, we are fully aware of that fact that actual biomass
burning aerosols are typically much more complex in terms of particle chemical
composition. Aerosol particle properties from biomass burning events depend on the
types of sources, external-internal population mixing state, water-solubilities, and phase
state of the diversity of organic compounds and their mixing with inorganic constituents
during different time periods in the field (e.g. Decesari et al., 2006).
3.3.1 Mixtures system: mix-bio-dry and mix-bio-wet aerosol particles
Figure 6a shows the small differences observed in the hygroscopicity parameter ĸ for
mixtures of organic surrogate components and AS representing biomass burning
particles during the dry and wet periods in the Amazon, respectively. Hygroscopicity
parameter values for bio-mix-dry aerosol particles were determined to be between 0.16
and 0.18 with decreasing RH in the range from 90 to 40 % RH. The ĸ value representing
the wet period in the Amazon is shown in Fig. 6b, derived from laboratory HTDMA
measurements in the range from 90 % to 40 % RH. A similar trend of an increase in ĸ
with a decrease in RH has also been observed by Cheung et al. (2015). Their
observation is based on ambient particle measurement with a HTDMA in Hong Kong,
therefore probing particles of more complex compositions in the field campaign. The
variability of the hygroscopicity parameter in sub-saturated conditions reveals some
limitations of a single-parameter hygroscopicity model for applications over a wide
range of RH. At low, intermediate and high RH levels, differing degrees of solution
non-ideality, potential for liquid-liquid phase separation, water-solubility limitations of
organics

in

ambient

organic-inorganic

particles,

and

assumptions

about

constant/variable surface tension may all play a role (Mikhailov et al., 2009; Rastak et
al., 2017; Ovadnevaite et al. 2017). In the case of ĸ of organic surrogates mixed with
ammonium sulfate, the relevant ĸ value range is ~ 0.12 to 0.15 obtained from 90 to
40 % RH. The measured ĸ values of the mixtures are compared to field data of HTDMA
and CCN measurements conducted at a remote rainforest site in the central Amazon
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during the dry and wet seasons (Whitehead et al., 2016; Pöhlker et al., 2016), which are
consistent with ĸ obtained at similar field sites (within the uncertainty of experiments).
The likely reason for a relatively good agreement between the hygroscopicity of the
laboratory mixtures and the field data is that the organic mass fractions of the mix-biodry and mix-bio-wet mixtures are chosen in our laboratory experiments to be similar to
those of the latest field data from Amazon. For example, Pöhlker et al. (2016) obtained
the effective hygroscopicity parameters ĸ between 0.3 ± 0.01 and 0.15 ± 0.01 based on
the organic mass fraction range from 0.65 to 0.97 in the dry season by aerosol chemical
speciation monitor (ACSM) and CCN measurements. The predicted ĸ values of the
mixtures at various RH levels shown in Fig. 6 (black curves) are obtained by application
of Eq. (4) with use of the RH-dependent fitted HGFs of the organic surrogates (Eq. 5),
the predicted growth factor of AS by the AIOMFAC model (for the humidification
case) and the volume fraction based mixing rule for a mixture’s HGF (Eq. 6). For these
calculations, a solution surface tension of 0.072 J m-2 was assumed. These predictions
agree relatively well with the experimental ĸdry and ĸwet values obtained from the
HTDMA over a wide range in RH referring to dehumidification conditions (no solid
AS). Furthermore, the combined approach of Eqs. (4-6) allows for a prediction of the
change in ĸ at high RH towards water vapor super-saturation. A small difference in ĸ
between sub- and super-saturated conditions is observed for our mixed systems when
comparing the HTDMA data and predictions at 90 % RH with the predictions near
100 % RH and the ĸ values from the CNN field measurements. The difference is more
pronounced for the wet season case. Rastak et al. (2017) observed a marked difference
in apparent hygroscopicity and related mixture ĸ of the organic aerosols (AS-free)
occurring in the case of monoterpene-derived secondary organic aerosol (SOA) for subvs. super-saturated conditions. A smaller difference was reported for the isoprenederived SOA (Pajunoja et al., 2015: Rastak et al., 2017), more like the difference
observed here for the mixtures containing AS (and therefore having overall higher ĸ
values than typical salt-free organic aerosols). Rastak et al. (2017) attribute the distinct
difference in ĸSOA of the monoterpene SOA to the limited mutual solubility of certain
SOA components in water, because a single liquid organic-phase of monoterpene
oxidation products is present at RH below 95 %, but over a RH range above 95 %,
liquid-liquid phase separation is observed by optical microscopy as well as predicted
by the AIOMFAC-based equilibrium model. In the mix-bio-wet and mix-bio-dry cases
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shown in Fig. 6, the likely reason for the change in characteristic mixture
hygroscopicity is not necessarily due to a liquid-liquid phase separation at high RH. For
example, the ĸ parameter obtained from field data is ~0.15±0.06 at 90 % RH, while its
value reaches ~0.18±0.04 at RH > 100 % (just prior to CCN activation). A likely reason
for the difference is that hygroscopic particles, especially those containing sparingly
soluble organics like 4-hydroxybenzoic acid, take up water dramatically above 95 %
RH when approaching 100 % RH (Hartz et al., 2006; Chan et al., 2008; Rastak et al.,
2017), which is clear from model predictions, as demonstrated in Fig. 6 by application
of Eq. (4). The predicted curve in the mixture’s effective ĸ parameter may well capture
the change in hygroscopicity under such high RH conditions. Consequently, for a
precise representation of the hygroscopic growth behavior (e.g. HGF) at high RH (>
95 %) by the κ-Köhler model, the value of κ would need to be varied. While a variable
κ value is contrary to the attempted simplicity of the single-parameter κ-Köhler model,
it is at least advised to consider that κ values derived from HGF data at 80 or 90 % RH
may not apply accurately for the calculation of CCN activation properties of such
biomass burning aerosols.
To summarize, there is small difference in hygroscopicity parameters between subsaturated measurement conditions at 90 % RH in the laboratory with HTDMA and
supersaturated conditions using CCN measurements, in agreement with the findings of
other studies. On a regional scale, in the dry and wet period, the hygroscopic behavior
in some extent of the Amazon rainforest is influenced significantly by the biomass
burning emissions, which enhances CCN activity and droplet number concentrations in
warm clouds in that region and influences the radiation balance and cloud life time
(Pöschl et al., 2010). Underestimation of organic surrogate component mass fractions
in the mixed particles or organic : sulfate mass ratios may be responsible for the slight
differences in the determined ĸ parameters of the laboratory and field measurements.
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Figure 6. Hygroscopicity parameter, ĸ, representing mixed aerosol particles consisting of organic
surrogate components and ammonium sulfate at different periods (initial dry diameter of 100 nm at RH
< 5 %). The black curves in panels (a, b) show the ĸ prediction from Eq. (4) with HGF mix calculated by
Eq. (6) using component volume fractions and the HGF of the individual mixture components from a fit
to the laboratory data (using Eq.5). The black symbols and error bars show field data from the Amazon
during the dry and wet periods at conditions of water vapor sub-saturation (HTDMA measurement) and
super-saturation (ĸCNN) (Whitehead et al., 2016; Pöhlker et al., 2016).”
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5. Conclusion and Outlook
In this PhD project, nano-HTDMA apparatus is developed and applied to high accurate
hygroscopicity measurements, especially for the sub-10 nm aerosol nanoparticles.

(1) In the first study, we presented our newly designed and self-assembled nanoHTDMA for measuring the hygroscopicity of nanoparticles in the sub-10 nm diameter
size range. We also introduced comprehensive methods for system calibration and
reported on the performance of the system, focusing on sizing accuracy and preventing
predeliquescence in the deliquescence measurement mode. By comparing our findings
with previous studies on ammonium sulfate nanoparticles (Biskos et al., 2006b), we
show that our system is capable of providing high-quality data of the hygroscopic
behavior of sub-10 nm nanoparticles. We then extended our measurements to sodium
sulfate nanoparticles, for which size-dependent deliquescence and efflorescence have
been clearly observed for nanoparticles down to 6 nm in size, and which demonstrate
similar behavior to sodium chloride.
As we know, atmospheric aerosol particles consist of not only inorganic components
but also a vast number of other organic components existing in the atmosphere.
However, their physicochemical properties are still not fully understood, especially
when it comes to the nanoscale and supersaturated concentration range. The nanoHTDMA system can be directly applicable for exploring the size dependence of aerosol
nanoparticles. By combing the multisize measurements of hygroscopicity and the
differential Köhler analyses (DKA; Cheng et al., 2015) in the nano size range, we will
be able to characterize and parameterize the water activity and surface tension of
different inorganic and organic systems. This will further help us to understand the
formation and transformation of aerosol nanoparticles in the atmosphere and their
interaction with water vapor.
(2) In the second study, we investigated the hygroscopic behavior of levoglucosan and
D-glucose nanoparticles with diameters down to 6 nm using a nano-HTDMA. Due to
the partial evaporation of sub-20 nm levoglucosan nanoparticles in the nano-HTDMA
system, we measured hygroscopic growth factor of levoglucosan in the size range from
20 to 100 nm. There is a weak size dependence of hygroscopic growth factor of
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levoglucosan in the size range from 20 to 100 nm, while a stronger size dependence of
the hygroscopic growth factor of D-glucose has been clearly observed in the size range
from 6 to 20 nm. No prompt phase transitions occur in both deliquescence and
efflorescence modes for both levoglucosan and D-glucose nanoparticles in the RH
range from 5 % to 90 % RH. By comparing with the E-AIM model and ideal solution
theory, ideal solution theory predicts well the hygroscopic behavior of two specific
organics with diameter higher than 15 nm (levoglucosan and D-glucose), while
hygroscopic growth factor of sub-15 D-glucose are agreed with E-AIM model
prediction, respectively.
Biomass burning is an important source of anthropogenic atmospheric aerosols.
Aerosol particles in the biomass burning smoke enriched with hygroscopic behavior are
suggested to act as efficient CCN. However, their physicochemical properties (e.g.,
water activity, surface tension) are still not fully understand, especially when it comes
to nanoscale. It is well known that aerosol population can appear as externally mixed
or internally mixed (homogeneously internally, core-shell internally) in the biomass
burning. The mixing structure has an important effect on the hygroscopic behavior of
aerosol particles, especially for sub-10 nm size range. In future, we will able to
parameterize water activity and surface tension by combing measured results of
nanoparticles in the different sizes with DKA method. Also, we will be able to
investigate the effect of mixing state on the hygroscopic behavior of aerosol particles
from biomass burning in the different sizes. This will further help us to understand their
interaction with water vapor.
(3) In the third study, a number of field-based hygroscopicity studies about biomass
burning aerosol focus on the growth factors of mixtures at high RH (e.g. 90 % RH).
However, less attention has been paid to the growth behavior at low to moderate RH,
limiting the database for accurate estimates of particles optical and radiative properties
over those lower RH ranges. However, this is a RH range in which water uptake or
release behavior demonstrates a considerable variability among different organicinorganic systems. The occurrence or suppression of a liquid-solid phase transition
affects the physicochemical particle properties in a relative narrow RH range,
potentially leading to particles of different morphology and physical states, affecting
effective particle size and density. In this work, measurements and thermodynamic
equilibrium predictions for organic-inorganic aerosols related to components from
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biomass burning emissions demonstrate a diversity of hygroscopic growth/shrinking
behavior. For example, in the case of aerosol mixtures containing levoglucosan and
ammonium sulfate, the presence of levoglucosan may cause the efflorescence of AS to
occur at higher RH than in pure aqueous AS particles-or it may completely suppress
AS efflorescence, as observed for mixtures with a high levoglucosan mass fraction. The
growth curves predicted with an AIOMFAC-based thermodynamic equilibrium model
reproduce the observations in most cases reasonably well and we demonstrate the
usefulness of predictions with different assumptions about the physical state of the
organic components for the interpretation of experimental data, such as in the case of
mixtures of 4-hydroxybenzoic acid and AS. However, the accurate prediction of AS
efflorescence or its suppression in mixed particles is difficult. The E-AIM-predicted
growth curves reproduce the measured hygroscopic behavior relatively well for the
consideration of the effect of 4-hydroxybenzoic acid on the hygroscopic behavior of
mixtures with AS, which leads to suppression of the AS efflorescence. In the case of
mixtures of humic acid and AS, continuous water desorption of aerosol particles shows
no significant effect on the efflorescence of AS. Also, as expected, there is a clear
reduction in the diameter growth factor of mixed systems, in comparison with that of
pure AS particles. In addition, the small difference in hygroscopicity parameters of mixbio-dry and mix-bio-wet systems between measured data in the laboratory using
HTDMA and the field using CCN activity measurements is due to the similar O:C ratios
of organic surrogate compounds and AS mass fractions used in the model mixtures
when experimental ĸ data from sub- and supersaturated water vapor conditions are
compared.
The range of measurement-model comparisons presented in this study indicate that
providing accurate thermodynamic model predictions of the hygroscopic growth
behavior of mixed organic-inorganic systems remains a challenging problem. At
moderate and low RH, where aerosol solution phases become highly concentrated, steplike or gradual crystallization and related solid-liquid equilibria may occur with high
sensitivity to the organic/inorganic mass ratio and the chemical nature of the mixture
constituents. To further improve thermodynamic equilibrium models for the prediction
of hygroscopicity and phase transitions, controlled laboratory experiments with single
solutes and/or with mixed organic-inorganic systems of known phase state will be
useful to constrain model parameters. Ideally, such measurements should cover the
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high, intermediate and low RH ranges under humidification and dehumidification
conditions.
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ABSTRACT
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Laboratory investigations of aerosol physico-chemical properties are usually initiated by spraydrying processes. Morphology of the generated particles may vary largely under different spraydrying conditions, which may further affect the characterization of particle properties. However,
only limited data is available on the morphology of nebulized submicron particles, particularly
for protein particles. To fill this gap, a centrifugal particle mass analyzer coupled with a scanning
mobility particle sizer was used to analyze the effective density, an indicator of particle morphology, of nebulized protein particles (bovine serum albumin and ovalbumin) in a size range
from 40 to 200 nm. Results indicate that the effective density of the protein particles generated
via spray-drying processes is mainly determined by the competition between the removal of
liquid water and the redistribution of the solute monomers in the sprayed droplets. Factors increasing the time needed for solute monomers redistribution (e.g. lower solution concentration
and larger particle dry size) or decreasing the time needed for liquid water removal (e.g. higher
drying rate) may result in a lower particle effective density, meaning a semi-solid structure or
partially hollow morphology. This is also confirmed by the particle hygroscopicity measured with
a nano-particle hygroscopic tandem differential mobility analyzer and a high humidity tandem
differential mobility analyzer. Our results suggest that the factors affecting the morphology of
particles may be complex and coupled with each other, highlighting the importance of monitoring particle effective densities in studies using aerosol particles generated via spray-drying
processes.

1. Introduction
Characterization of the physico-chemical properties of aerosol particles is crucial for understanding their effects on climate and
environment (Kulmala et al., 2004; Pöschl & Shiraiwa, 2015; Seinfeld & Pandis, 2016). Laboratory investigations usually start with
spraying suspensions or solutions into droplets, followed by a drying process (Liu & Lee, 1975; Nandiyanto & Okuyama, 2011). Both
the initial properties of the droplets and the drying process may influence the morphology of the generated particles (Iskandar,
Gradon, & Okuyama, 2003), and further affect the determination of their properties and processes. However, only a few studies have
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investigated the influence of drying condition on particle morphology for submicron particles (Chang & Okuyama, 2002; Lee, Heng,
Ng, Chan, & Tan, 2011; Okuyama, Abdullah, Wuled Lenggoro, & Iskandar, 2006; Okuyama & Lenggoro, 2003; Wang et al., 2010).
Proteins are very common macromolecular organic compounds in atmospheric aerosol. They can react with trace gases, act as
surfactants, serve as ice nuclei, and cause adverse health effect (Meusel et al., 2017; Franze, Weller, Niessner, & Pöschl, 2003, 2005,
2001; Lang-Yona, Shuster-Meiseles, Mazar, Yarden, & Rudich, 2016; Miguel, Cass, Glovsky, & Weiss, 1999; Pummer et al., 2015;
Zhang & Anastasio, 2003). The thermodynamic properties of both gas phase protein ions and aerosol phase protein particles have
been investigated in many studies (e.g. Adler, Unger, & Lee, 2000; Butcher, Miksovska, Ridgeway, Park, & Fernandez-Lima, 2019;
Hogan & de la Mora, 2011; Maißer et al., 2011; Meyer, Root, Zenobi, & Vidal-de-Miguel, 2016; Mikhailov, Vlasenko, Niessner, &
Pöschl, 2004; Pummer et al., 2015; Vörös, 2004). Undenatured protein ions are relatively compact with a density around 1 g cm−3
(Hogan & de la Mora, 2011; Maißer et al., 2011). However, protein particles generated with spray-drying processes can be aggregated
or dense, amorphous spheres depending on the spray-drying conditions. The open structure of aggregated protein particles may
largely influence the assessment of their physico-chemical properties (Frahm, Pochopsky, Clarke, & Johnston, 2016). Therefore, a
comprehensive evaluation of the dominant morphology of protein particles under different generation and drying conditions is
needed.
Particle effective densities, defined as the ratio of particle mass to the volume of a sphere with a diameter equaling to the mobility
diameter of the particle, can be used as a measure of particle morphology (Nandiyanto & Okuyama, 2011; Olfert, Symonds, &
Collings, 2007). There have been several methods developed for determining particle effective density. For example, particle vacuum
aerodynamic diameter measured with an aerosol mass spectrometer (AMS) and electrical mobility diameter measured with a mobility
particle size spectrometer (MPSS, e.g. scanning mobility particle sizer, SMPS), were used to calculate the effective densities of
secondary organic aerosol (Bahreini et al., 2005). A combination of an electrical low-pressure impactor (ELPI) and a MPSS was also
used in several studies to investigate the effective densities of different types of aerosols (Kannosto et al., 2008; Keskinen et al., 2007;
Virtanen, Ristimäki, & Keskinen, 2004, 2006). Particle effective density can be also obtained based on mobility and mass measurements (DeCarlo, Slowik, Worsnop, Davidovits, & Jimenez, 2004). Centrifugal particle mass analyzer (CPMA) and aerosol particle
mass analyzer (APM) are frequently used techniques for the direct measurement of the mass of individual aerosol particles (Ehara,
Hagwood, & Coakley, 1996; Johnson, Olfert, Yurteri, Cabot, & McAughey, 2015b; Kuwata, 2015), and were applied in the determination of particle effective densities. Lee, Widiyastuti, Tajima, Iskandar, and Okuyama (2009) measured the effective density of
spherical aggregated and ordered porous particles using a differential mobility analyzer (DMA) and an APM. Similarly, a DMA-CPMA
system was extensively applied in the measurement of the effective densities of diesel soot, coated soot, fractal-like agglomerates of
carbon nanotubes, and cigarette smoke particles (Abegglen et al., 2015; Durdina et al., 2014; Ghazi & Olfert, 2013; Johnson et al.,
2015a; Olfert et al., 2007; Wang, Bahk, Chen, & Pui, 2015). Based on similar principles, tandem ion mobility spectrometry–mass
spectrometry (IMS-MS) was also used for measuring the effective densities of gas phase protein ions (Hogan & de la Mora, 2011).
In this study, two well-defined proteins, bovine serum albumin (BSA) and ovalbumin (OVA), were aerosolized via a spray-drying
process. The effective density and hygroscopic growth factor of the generated protein particles were measured with a CPMA-SMPS
and hygroscopic tandem differential mobility analyzer systems, respectively. The major factors influencing the effective density and
morphology of protein particles, such as drying rate, solute concentration, particle diameter, and chemical substance were discussed.
2. Methods
2.1. Spray-drying of protein particles and effective density measurement
Two well-defined proteins, bovine serum albumin (BSA) and ovalbumin (OVA), were generated by nebulization of aqueous
protein solutions. The solutions were prepared by dissolving appropriate amounts of BSA (fraction V, > 96%, Sigma-Aldrich) and
OVA (fraction V, ≥ 98%, Sigma-Aldrich) in high purity water (Milli-Q integral 3 water system, 18.2 MΏ cm, Merck Millipore). The
Molecular weight (M), bulk density (ρbulk) and gas phase density (ρions) of BSA and OVA are listed in Table 1.
Fig. 1 shows the schematic diagram of the system used in this study. An atomizer (Model 3076, TSI) was operated with nitrogen
carrier gas with a flow rate of 3 L min−1. After nebulization, an aerosol sample flow with flow rates ranging from 0.3 to 1.5 L min−1
was fed into a silica gel diffusion dryer (self-manufactured, see Appendix A Fig. S1b). The relative humidity (RH) of the aerosol
sample was gradually reduced in the dryer by radical diffusion of water vapor from the aerosol to the densely packed silica gel
surrounded. The reduction of RH, quantified as aerosol drying rate, highly depends on the aerosol flow rate in the diffusion dryer
Table 1
Molecular weight (M), bulk density (ρbulk) and gas phase density (ρions) of BSA
and OVA at 295 ± 1 K (Haynes, 2014; Maißer et al., 2011; Muramatsu &
Minton, 1988; Neurath & Bull, 1936; Nisbet, Saundry, Moir, Fothergill, &
Fothergill, 1981).

M (kDa)
ρbulk (g cm−3)
ρions (g cm−3)

BSA

OVA

66.4
1.32
0.96

42.7
1.27
1.01

158

Journal of Aerosol Science 137 (2019) 105441

X. Wang, et al.

Fig. 1. Schematic overview of the CPMA-SMPS system.

(hereinafter referred to as aerosol drying flow rate). A list of the investigated aerosol drying flow rates and corresponding drying rates
is shown in Table 2. The calculation of drying rates can be found in Supplement material. Downstream of the diffusion dryer, the
aerosol flow was further dried with a Nafion conditioner (self-manufactured, semi-permeable membrane in stain steel jacket, 70 cm
length and 0.771 cm I.D.) to a RH of 3 ± 1%. This RH is much lower than the reported efflorescence relative humidity (ERH) of BSA
particles (35% for 98 nm particles; Mikhailov et al., 2004). The RH of the aerosol flow was monitored with high accuracy RH sensors
(Vaisala HMT330) at the inlet and outlet of the diffusion dryer and the Nafion conditioner. The accuracy of the RH sensors is within
1% below 90% RH and 1.7% above 90% RH. All the experiments were performed at room temperature and pressure (295 ± 1 K,
~960 hPa).
A combination of a CPMA and a SMPS was used to determine the effective densities of the generated particles, as shown in Fig. 1.
Aerosol particles were neutralized by a Kr-85 bipolar diffusion neutralizer (Model 3077, TSI) and classified by the CPMA according to
their mass (Olfert & Collings, 2005). Downstream a SMPS was used to measure the number size distribution of the mass-classified
particles. A second Kr-85 bipolar diffusion neutralizer (Model 3077, TSI) was used to neutralize the particles before it enters the
SMPS. The aerosol flow rates for both CPMA and SMPS were set to 0.3 L min−1. Various particle mass was chose to cover a diameter
range from about 40 nm to 200 nm. The effective density (ρeff ) of protein particles can be obtained from their electrical mobility
diameter (Dm) and mass (mp) respectively measured with the SMPS and CPMA (DeCarlo et al., 2004):
eff

=

6mp
(1)

Dm3

In our experiment, the number size distributions of the protein particles measured with the SMPS are not infinitely narrow (Fig.
S3), which is mainly due to two reasons. Firstly, the morphology of protein particles generated at a certain drying condition are not
exactly the same, resulting in varying mobility diameters of the particles with the same mass. Secondly, the transfer functions of both
CPMA and DMA have certain width. Even if all the particles have the same effective density, the measured number size distribution of
the mass-selected particles will still show a certain width. Fig. 2 shows an example of the measured number size distribution (BSA
particles generated with 0.1% solution and aerosol drying flow rate of 0.6 L min−1). Multiple modes can be seen due to the existence
of particles carrying multiple charges in CMPA or/and DMA. In Fig. 2, mode 1 consists of particles carrying one elementary charge in
both CPMA and DMA. This mode is used to calculate particle effective densities. The other three modes (2–4) consist of particles
Table 2
The calculated drying rates in the silica gel diffusion dryer corresponding to the four investigated aerosol drying flow rates.
Experiment

Calculated drying ratesa

Diffusion dryer conditions
Aerosol drying flow rate (L min−1)

RH (%)
Inlet

1
2
3
4

0.3
0.6
1.0
1.5

99.0
99.0
99.0
99.0

ΔRH (%)

RH'ERH=35% (RH s−1)

RH'RH=5% (RH s−1)

96.4
94.5
86.4
83.3

−4.7
−8.0
−8.8
−11.8

−0.7
−1.1
−1.3
−1.8

Outlet
±
±
±
±

1.7
1.7
1.7
1.7

2.6 ± 1.0
4.5 ± 1.0
12.6 ± 1.0
15.7 ± 1.0

±
±
±
±

2.0
2.0
2.0
2.0

a
The drying rates were calculated at RH of 35% and 5% (35% RH is the efflorescence RH of BSA particles; Mikhailov et al., 2004). Details of the
calculation can be found in Supplement material.
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Fig. 2. A typical number size distribution of the generated protein particles measured with our CPMA-SMPS system. Red solid line shows the
lognormal-fit of the main mode. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

carrying two elementary charges in either CPMA or DMA, or both. To avoid the influence of multiply charged particles and CPMA and
DMA transfer functions on the determination of the mean diameter of the mass-selected particles, log-normal fit was applied to the
main mode (mode 1) of the measured number size distribution. The geometric mean diameter of the log-normal distribution (red
dashed and solid line in Fig. 2) was used for the calculation of ρeff with Eq. (1). In most cases, the influence of modes 2–4 on the
lognormal-fit of mode 1 is negligible.
The uncertainty of the measured particle effective density ( eff ) can be estimated based on the measurement uncertainty of CPMA
and SMPS:
eff

=

2
mp

+ (3

Dm

)2

(2)

where, mp and Dm are the relative uncertainties of the measured mp and Dm, respectively. For our system, eff was calculated to be
7.8%. The system was also tested with polystyrene latex (PSL) and ammonium sulfate particles. For PSL, the relative differences
between the measured effective densities and its bulk density are respectively 3%, 4% and 3% for 150 nm, 200 nm and 350 nm
particles, which are within the estimated eff . For ammonium sulfate particles, the measured effective density is lower than its bulk
density (1.77 g cm−3). The differences are within 12% for sizes ranging from 40 nm to 130 nm (details in Table S1). This is consistent
with previous studies reporting that ammonium sulfate particles are not ideal spheres and may contain water and voids (Leskinen
et al., 2012; Mikhailov, Vlasenko, Martin, Koop, & Pöschl, 2009). As a reference, McMurry, Wang, Park, and Ehara (2002) observed a
bias within 5% for 100 and 300 nm particles. Leskinen et al. (2014) reported a bias of 15% for 79 nm ammonium sulfate particles
with their APM-MPSS system.
2.2. Determination of hygroscopic growth factors of protein particles
To better characterize the morphology of the protein particles generated via a spray-drying process, particle hygroscopic growth
factor was measured with a nano-particle hygroscopic tandem differential mobility analyzer (Nano-HTDMA, Leibniz Institute for
Tropospheric Research) and a high humidity tandem differential mobility analyzer (HH-TDMA, Leibniz Institute for Tropospheric
Research). Particle hygroscopic growth factors ( fg ) were determined at RHs from 5% to 99%. A detailed description of the HH-TDMA
system is available in Hennig, Massling, Brechtel, and Wiedensohler (2005).
The Nano-HTDMA consists of two Hauke-type DMAs connected in series, two humidifiers (self-made, 70 cm length and 0.771 cm
I.D.), and a condensation particle counter (CPC, Model 3772, TSI) with a sample flow of 1 L min−1 (Liu et al., 1978; Swietlicki et al.,
2008). Briefly, dry polydisperse aerosol particles pass through a Kr-85 bipolar diffusion neutralizer (Model 3077, TSI) and enter the
first nano-DMA (Self-made, Hauke type, center rod length 11 cm; Birmili, Stratmann, & Wiedensohler, 1999). The output monodisperse particles are then exposed to a humid environment through the humidifiers, after which the number size distributions of the
particles are measured with the second DMA (self-made, Hauke type, center rod length 28 cm) and the CPC. The residence time of the
particles in the humidifiers and the second DMA is around 4.6 s which is enough for protein particles to reach equilibrium at the
predefined RH. The TDMA-inv algorithm is applied to the Nano-HTMDA and HH-TDMA data to retrieve the probability distribution
functions of growth factor ( fg -PDF; Gysel, McFiggans, & Coe, 2009). The mean fg is obtained by fitting the fg -PDFs with lognormal
distribution, based on six to eight scans at the predefined RH. The relative uncertainty of the measured fg ( fg ) can be calculated as
fg

=

fg

2

Dp

Dp

2

+

RH

dG
dRH

2

(3)
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Fig. 3. The effective densities of BSA particles generated from (A) 0.1% and (B) 0.001% BSA solution at aerosol drying flow rates of 0.3 L min−1
(dark blue), 0.6 L min−1 (light blue), 1 L min−1 (yellow), and 1.5 L min−1 (red). Error bars show the uncertainty of the measured effective densities
(details in Sect. 2.1). The bulk density (ρbulk) and gas phase density (ρions) of BSA are marked as black and gray dashed lines, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

where Dp , RH , and Dp are respectively the uncertainty of particle mobility diameter, the uncertainty of relative humidity, and particle
diameter (Mochida & Kawamura, 2004). Depending on RH, fg , and Dp , the fg ranges from 2.8% to 6.8%.
3. Results and discussion
3.1. Observed effective densities of spray-drying generated BSA and OVA particles
As introduced in Sect. 2.1, the effective densities of BSA and OVA particles generated via a spray-drying process were measured
with a CPMA-SMPS system. To investigate the factors influencing the morphology and effective density of BSA and OVA particles
with diameter from 40 to 200 nm, two solution concentrations (0.1% and 0.001%, w/w) and four aerosol drying flow rates (0.3, 0.6,
1.0, and 1.5 L min−1) were applied.
Fig. 3A and B illustrate the measured effective densities of BSA particles generated from 0.1% to 0.001% solutions, respectively.
The measured particle effective density varies with particle size, solution concentration, and aerosol drying flow rate. It should be
noted that all the measured values are lower than BSA bulk density (1.32 g cm−3, marked as black dashed line in Fig. 3). Due to the
irregular surfaces, protein particles may have an average diameter larger than the theoretical minimum even if they are approximately compact spheres (Erickson, 2009). The effective densities of relatively compact BSA particles (e.g. those generated with
aerosol drying flow rate of 0.3 L min−1) are higher than the density of gas phase BSA ions (0.96 g cm−3, marked as gray dashed line in
Fig. 3; Maißer et al., 2011), since gas phase protein molecule has its native conformation and is not necessarily aspherical.
For BSA particles generated from 0.1% solution, the effective densities decrease with increasing particle size (Fig. 3A). And the
decreasing rates highly depend on the aerosol drying flow rates. The most significant downward trend is found at the highest aerosol
drying flow rate applied, 1.5 L min−1; while the downward trend is not observed at 0.3 L min−1. 40 nm particles generated with the
four aerosol drying flow rates show very similar effective densities (about 1.1 g cm−3); while for 140 nm particles, the effective
densities are respectively measured as 1.12, 0.97, 0.75 and 0.58 g cm−3 at aerosol drying flow rates of 0.3, 0.6, 1.0 and 1.5 L min−1.
Fig. 3B shows the measured effective densities of BSA particles generated from 0.001% solution. Similar as the results for 0.1%
solution, decreasing effective densities with increasing particle size also can be found. However, the measured effective densities at
aerosol drying flow rates of 0.6, 1.0 and 1.5 L min−1 show very similar size dependence. The downward trend for 0.3 L min−1 is weak
but still visible for particle size over 100 nm.
Proteins have remarkably diverse properties including conformation, size, charge and solubility, which can affect their physicochemical behavior in solid and liquid phase (Scopelliti et al., 2010). Therefore, we have also measured the effective densities of
another protein, OVA. OVA has a lower molecular mass (42.7 kDa) and exhibits a slower adsorption process at air–water interface
than BSA (Kudryashova, Meinders, Visser, van Hoek, & de Jongh, 2003; Wierenga, Meinders, Egmond, Voragen, & de Jongh, 2003).
Fig. 4 shows the measured effective densities of the OVA particles generated from 0.1% and 0.001% solutions via a spray-drying
process. As shown in Fig. 4A, the effective densities of OVA particles generated from 0.1% solution are nearly independent of particle
size in the measured size range. The differences among the measurements for the four aerosol drying flow rates are also insignificant.
All measured values are higher than OVA gas phase density (1.01 g cm−3; Maißer et al., 2011) and close to its bulk density
(1.27 g cm−3), demonstrating that the generated OVA particles have an approximately compact spherical shape. For particles generated from 0.001% OVA solution (Fig. 4B), the measured effective densities decrease from about 1.1 g cm−3 at 50 nm to about
0.7 g cm−3 at 200 nm for all the four drying flow rates, indicating the formation of uncompact particles at larger sizes. It is interesting
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Fig. 4. The effective densities of OVA particles generated from (A) 0.1% and (B) 0.001% OVA solution at aerosol drying flow rates of 0.3 L min−1
(dark blue), 0.6 L min−1 (light blue), 1 L min−1 (yellow) and 1.5 L min−1 (red). Error bars show the uncertainty of the measured effective densities
(details in Sect. 2.1). The bulk density (ρbulk) and gas phase density (ρions) of OVA are marked as black and gray dashed lines, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

to note that the effective densities of OVA particles is insensitive on the aerosol drying flow rate, which is different from BSA particles.
We also noted that the width of the distribution of the measured effective densities may be different at different particle diameters
and drying conditions. The g of the lognormal fits of the measured number size distributions increases with increasing particle size
(Fig. S4), indicating that the effective densities of larger particles span over a wider range. This is because compact particles (small
particles, as shown in Figs. 3 and 4) have similar morphology and therefore nearly uniform effective densities. But for particles with
semi-solid structure or partially hollow morphology (large particles in most cases, as shown in Figs. 3 and 4), the morphology may be
largely different among particles, resulting in a broader distribution of effective densities. The g also changes with drying conditions.
For example, although the effective densities of large (> 150 nm) OVA particles generated with 0.001% solution are quite similar
(Fig. 4B), the g of particles generated with 0.3 and 0.6 L min−1 aerosol drying flow rates are obviously higher than those generated
with 1.0 and 1.5 L min−1 (Fig. S4B). This result suggests that even with the same mean effective density, the uniformity of the
effective densities (i.e. the uniformity of morphology) of generated protein particles can be different at different drying conditions.
3.2. Factors influencing the effective densities of spray-drying generated protein particles
The drying of the atomized droplets includes two processes: water evaporation and rearrangement of the solute monomers. Key
concepts to interpret the observed variation in the effective densities of protein particles (Sect. 3.1) include: 1) particle morphology is
developed by the diffusive movement of solute monomers; 2) the diffusive movement of solute monomers is facilitated by the liquid
water in the particle (Wang et al., 2010). During a sufficiently fast drying, water evaporation is much faster than the diffusive
movement of solute monomers. There is not enough time for solute monomers to move from near surface to the particle center to
form a compact morphology, resulting in a low effective density of the dried particle. During a sufficiently slow drying, the diffusive
movement of solute monomers is faster than water evaporation. The solute monomers therefore have enough time to redistribute and
form a compact dry particle with a high effective density. It should be noted that “fast” and “slow” mentioned above do not refer in
particular to the drying rates. Whether there is enough time for the solute monomers to well redistribute depends on particle size,
solute concentration, and the chemical substance of the solute. In this section, factors influencing the effective densities of protein
particles generated via spray-drying processes will be discussed in detail.
3.2.1. Dependence of particle effective density on drying rate
Previous studies found that the drying rate can affect the microstructure and morphology of particles generated via spray-drying
processes (Mifflin, Smith, & Martin, 2009; Vehring, Foss, & Lechuga-Ballesteros, 2007). In our study, aerosol drying rates are directly
controlled by the aerosol drying flow rates (Table 2). The influence of drying rates on particle effective densities is observed. As
shown in Fig. 3A, the effective densities of BSA particles generated with different aerosol drying flow rates (means different drying
rates) largely differ from each other, with the highest effective densities at the lowest drying rate (RH'ERH = −4.7 RH s−1) and the
lowest effective densities at the highest drying rate (RH'ERH = −11.8 RH s−1). Theoretically, compact dry particles can be produced
if the drying of the nebulized droplets is slow enough since there is sufficient time for the solute monomers to redistribute by diffusion
throughout the evaporating droplet. In contrast, if the drying of the droplet is fast, solute monomers may accumulate near the drying
front of the droplet (Huang, 2011). The measurements of BSA shown in Fig. 3A give good examples covering solute redistributing
time from “sufficient” to “extremely insufficient”.
However, for spray-drying generated OVA particles, the four drying rates applied in our experiments do not cover the two extreme
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cases. As shown in Fig. 4, OVA particles generated with the four drying rates always show similar effective densities. The measured
effective densities of OVA particles generated from 0.1% solution are quite close to OVA bulk density; while decrease trends with
increasing particle size can be seen for particles generated from 0.001% solution. This result indicates that for 0.1% solution, OVA
monomers have sufficient time to redistribute in the particle even at the highest drying rate (RH'ERH = −11.8 RH s−1). But for
0.001% solution, the time for OVA monomers to redistribute is extremely insufficient even at the lowest drying rate applied
(RH'ERH = −4.7 RH s−1). It is also worth noticing that, for a given solute substance and solution concentration, there is a lower limit
of the effective density of dried particles which depends only on particle size. Increasing only the drying rate will not produce
particles with effective density lower than this limit.
3.2.2. Dependence of particle effective density on particle size
The effective densities of protein particles generated via spray-drying processes also depend on particle size. Although influenced
by particle morphology, the electrical mobility diameter of a dried particle reflects approximately the amount of solute monomers it
contains. Larger particles contain larger amount of solute monomers and more liquid water before dried. Thus longer time may be
needed for the redistribution of the solute monomers in the evaporating droplets.
The characteristic time of the diffusive movements of solute monomers scales as L2/D, where L is the length scale (i.e. particle
size) and D is the diffusion coefficient of solute monomers (Wang et al., 2010). Since the characteristic time is proportional to L2, it
increases dramatically with increasing particle size. For particles with sufficiently large L, the characteristic time of diffusive
movements of solute monomers is much longer than the time needed for the evaporation of liquid water. Therefore, at a given drying
rate, larger particles tend to have a semi-solid structure or partially hollow morphology, and thus lower effective densities as shown
in Figs. 3 and 4.
3.2.3. Dependence of particle effective density on solution concentration
Protein particles with a certain electrical mobility diameter can be generated from solutions with different solute concentrations.
With the same drying rate, the effective densities of the dried particles at a certain diameter can be largely different under different
solution concentrations. As shown in Fig. 3, except aerosol drying flow rate of 1.5 L min−1, BSA particles generated from 0.1%
solution have always higher effective densities than those generated with 0.001% solution. The difference is even larger for OVA
particles.
Under a lower solution concentration, larger droplets are required to produce dry particles with desired diameter. The solution
concentration therefore determines the amount of liquid water in the droplets, and thus the average distance between solute
monomers before entering the dryer (Erickson, 2009). Although the evaporation of liquid water needs a longer time for larger
droplets, following the L2-Law (Sect. 3.2.2), the characteristic time of diffusive movements of solute monomers is much longer.
Particles with lower effective densities are therefore produced.
3.2.4. Discussion
The effective densities of protein particles generated via spray-drying processes are found to depend on drying rate, particle size,
and solution concentration. As discussed above, particle size and solution concentration determine the amount of solute monomers
and liquid water in droplets; drying rate determines the time needed for removing all liquid water from the droplets. The competition
between the removal of liquid water and the redistribution of the solute monomers in the droplets determines the final morphology
and effective density of the dried particles. In addition, the morphology of dried particles may also depend on solute chemical
substance. As an example, under the four drying rates and the two solution concentrations applied in our study, the effective densities
of OVA particles are more sensitive on solution concentration and less sensitive on drying rate, while an opposite behavior is observed
for BSA particles. Besides the difference in diffusion coefficients of BSA and OVA, such a difference may be also attributed to different
surface activities of the two proteins. Theoretically, proteins with high surface activity can result in preferential adsorption of solute
monomers on the droplet surface (Vehring, 2008), which causes a diffusional flux toward the surface and subsequently results in early
shell formation. Razumovsky and Damodaran (1999) reported a higher surface activity of BSA than OVA, which is very likely to stem
from the different secondary structure contents of the two proteins. Because surface activity of globular proteins is found to be
intimately related to their molecular flexibility which is determined by the secondary structure content and the spatial organization
of the secondary structure elements in the tertiary structure of the protein (Razumovsky & Damodaran, 1999).
It is difficult to simply correlate the effective densities of protein particles with only one of the factors discussed above, since their
influences are coupled with each other. In other words, under certain conditions, particle effective densities can be very sensitive on
both drying rate and solution concentration. A change in any of them may result in a change of particle morphology from one extreme
(compact particle with high effective density) to the other (particle with void or hallow morphology, with low effective density). This
suggests that when generating BSA and OVA particles (and probably also other protein particles) with spray-drying method, one
needs to be very careful with both the drying rate and solution concentration. Because an improper combination of generation
parameters may result in unexpected particle morphology and effective densities.
It is also worth noticing that higher drying rates or lower solution concentrations may not always result in lower effective
densities of the dried protein particles. And protein particles with an effective density equaling to its bulk density can not be obtained
by just decreasing drying rate or increasing solution concentration. There seems to be lower and higher boundaries of the effective
densities of spray-drying generated protein particles which depend only on solute substance and dry particle size. The possible range
of the effective densities is getting narrower with decreasing particle size. For sufficiently small particles (smaller than ∼40 nm), a
constant effective density is observed independent of drying rate and solution concentration. Therefore, one needs to be more careful
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Fig. 5. Hygroscopic growth factors of 40, 60 and 100 nm BSA particles generated from 0.1% solution (A–C) and 0.001% solution (D–F) under RH of
5–92% at 293 K. The red open circles in Fig. 5C show the results from Mikhailov et al. (2004). The red dots in Fig. 5F show measurements of
HHTDMA under RH from 22% to 99%. Error bars show the measurement uncertainty of the hygroscopic growth factors (details in Sect. 2.2). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

when generating larger (> 100 nm) protein particles.
In this study, we have only investigated the influences of four factors (i.e. drying rate, concentration of solution, particle diameter,
and chemical substance) on the morphology and effective densities of spray-drying generated protein particles. There may be more
factors having strong influence, for example, pH and ionic strength of the solution used for particle generation. The conformation of
proteins in solution strongly depends on solution pH. It is therefore also interesting and needed to investigate how solution pH may
influence the morphology and effective densities of spray-drying generated protein particles.
3.3. Influence of morphology on the hygroscopic growth of protein particles
Previous studies found that particle morphology can influence its hygroscopicity (Mikhailov et al., 2004, 2009). The hygroscopic growth
factors of BSA particles generated via a spray-drying process were measured in this study with a Nano-HTDMA and a HH-TDMA (Sect. 2.2).
Only an aerosol drying flow rate of 1 L min−1 was applied because 1) decreases of effective densities are observed at this drying rate for both
0.001% and 0.1% BSA solutions, and 2) this aerosol drying flow rate fits well with our Nano-HTDMA and HHTDMA system.
The hygroscopic growth factors of 40, 60 and 100 nm BSA particles generated from 0.1% solution were measured with the NanoHTDMA system, and the results are shown in Fig. 5A–C. Only a slight growth (growth factor of 1–1.03) is observed in RH range of
35–75%, which can be explained mainly by particle surface adsorption of water vapor. Bulk absorption of water vapor may also play
a role (Keskinen et al., 2011; Popovicheva et al., 2008). For 60 and 100 nm BSA particles, decreases of growth factors at RH of about
85% accompanied by pronounced broadening of the size distribution of the grown particles are observed. Mikhailov et al. (2009)
extended the definition of deliquescence as the transformation of a (semi-)solid substance into a liquid aqueous solution. It is very
likely that these observed decreases of particle hygroscopic growth factors at 85% RH are caused by particle microstructural rearrangement during its deliquescence transition (Sjogren et al., 2007). As shown in Sect. 3.1, 60 and 100 nm BSA particles generated
from 0.1% solution and dried with an aerosol drying flow rate of 1 L min−1 have low effective densities, i.e., a semi-solid structure or
(partially) hollow morphology. For RH < 80%, particle absorbs water vapor by mainly surface adsorption and minor bulk absorption
but retains (partially) its hollow morphology. At around 85% RH, its loose structure starts to collapse, and the particle starts to
transform from a semi-solid state into a more compact highly viscous or gel-like matrix. Therefore, a decrease in particle diameter can
be observed. For 40 nm BSA particles, decrease of growth factor is not observed throughout the investigated RH range. This also
agrees with the effective density measurement that 40 nm BSA particles are relatively compact. Mikhailov et al. (2004) performed
measurements of hygroscopic growth factors of 98 nm BSA particles generated from 0.1% BSA solution with spray-drying method and
reported continuously increasing hygroscopic growth factors up to 95% RH. Their measurement result is also given in Fig. 5C as red
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open circles. Compared with our measurement, the growth factors in Mikhailov et al. (2004) are slightly higher at RH lower than
80%, and no decrease is observed at RH of 85%. This difference in hygroscopic growth factors is very likely to stem from the different
spray-drying conditions applied in the two experiments. The residence times of particles in humidification conditioner may be
different in the two HTDMA systems, which can be also a factor resulting in the different results.
Fig. 5D–F illustrate the hygroscopic growth factors of BSA particles generated from 0.001% solution. Gradual decreases of particle
hygroscopic growth factors with increasing RH accompanied by broadening of the particle size distributions are observed at RH
above 80%. Such decreases of growth factors are also observed for BSA particles generated with 0.1% solution. However, the
decreases for BSA particles generated with 0.001% solution are more pronounced and start at lower RHs. This result indicates that the
BSA particles generated with 0.001% solution are closer to semi-solid structure or hollow morphology, which consists well with the
effective density measurements shown in Sect. 3.1.
To obtain the hygroscopic growth behavior of BSA particles at RH above 90%, a HHTDMA system was applied in our study.
Hygroscopic growth factors of 100 nm BSA particles generated from 0.001% solution was measured at RH from 20% to 98% under
highly temperature-stabilized condition. The results are shown as red solid dots in Fig. 5F. At RH between 20% and 90%, only a small
difference is observed between the growth factors measured with the Nano-HTDMA and the HHTDMA. Such a minor difference may
stem from instrumental factors (Biskos, Paulsen, Russell, Buseck, & Martin, 2006). After its minima at about 90% RH, particle
hygroscopic growth factor increases significantly again, and reaches 1.09 at RH of about 97%, which is quite close to the value
measured by Mikhailov et al. (2004). The most plausible explanation for such a behavior can be that the BSA particles transform from
a semi-solid state into a highly viscous or gel-like matrix at around 90% RH. With a compact structure, the lowest growth factor of the
particles is observed at 90% RH. Above 90% RH, increase of RH leads to water absorption and thereby diameter growth. However,
the absorption of water may be still limited by diffusion or structural rearrangements. At RH above 95%, the viscous or gel-like matrix
becomes so dilute (or fully dissolved) that it ceased to inhibit particle hygroscopic growth. Instead, it shows a characteristic of liquid
aqueous solution droplets (Mikhailov et al., 2009).
4. Conclusions
To investigate the morphology of protein particles generated via spray-drying processes, particle effective densities and hygroscopic growth factors were measured with a CPMA-SMPS and HTDMA systems, respectively. The major factors influencing the
morphology (effective density) of spray-drying generated protein particles are found to be drying rate, concentration of solution,
particle diameter, and chemical substance. Main conclusions include:

• Drying rate determines the time needed for removing liquid water from the droplets. In the case of fast drying under a high drying
•
•
•
•
•

rate, the solute monomers in the droplet do not have enough time to well redistribute, leading to a low effective density of the
dried protein particles.
Solution concentration determines the size of the droplets needed for producing dry particles with a certain diameter. The protein
monomers need shorter time to redistribute in smaller droplets during a drying process. Therefore, protein particles generated
from high-concentration solution tend to have a compact morphology, and thus a high effective density.
Larger dry protein particles contain larger amount of solute monomers, thus longer time is needed for the redistribution of the
solute monomers in the evaporating droplets. In other words, at a given drying rate, larger particles tend to have a semi-solid
structure or partially hollow morphology, and thus a lower effective density.
The morphology of dried particles may also depend on solute chemical substance, since different proteins may have different
diffusion coefficients and surface activities.
There seems to be lower and higher boundaries of the effective densities which depend only on dry particle size. The possible
range of the effective densities gets narrower with decreasing particle size. For sufficiently small particles (smaller than 40 nm), a
constant effective density is observed independent of drying rate and solution concentration.
The morphology of protein particles can significantly influence their hygroscopicity. For BSA particles with a semi-solid structure
(low effective density), decreasing hygroscopic growth factor with increasing RH is observed at RH around 80%, indicating the
transform of particle morphology from a semi-solid state into a more compact highly viscous or gel-like matrix.

It is difficult to find a simple correlation between the effective densities of protein particles and one of the factors studied, since
their influences are complex and coupled with each other. Therefore, when generating protein particles with spray-drying method,
the effects of drying rate and solution concentration should be considered. An improper combination of generation parameters may
result in unexpected particle morphology and effective densities. Additionally, the aforementioned factors may play different roles for
different chemical substances. There may be also other factors (e.g. pH of solution used for particle generation) influencing the
morphology and effective densities of spray-drying generated particles. Further well-designed investigations of other atmospheric
aerosol substances and the influence of other factors are required.
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1.

Drying rate at efflorescence relative humidity (ERH)

The drying rates at ERH were quantified on the basis of a diffusion calculation for the four different aerosol
drying flow rates (Sect. 2 in the main text). Figure S1 shows the geometry of the apparatus with respect to
the calculation of drying rates at ERH. For our experimental conditions, the Reynolds number of aerosol
flow in the diffusion dryer were 26, 51, 85, and 128 for 0.3, 0.6, 1.0 and 1.5 L min -1 respectively, indicating
a laminar flow in the dryer. A dry silica gel jacket was used to surround the inner core of humid aerosol
particles flowing along the central longitudinal axis. Thus, as illustrated by Fick’s Law (Association, 1999),
the dominant mechanism for water vapor movement in the radial coordinate is diffusion in this case.
A quantitative model of these processes can be developed for the cylindrical geometry of the diffusion
dryer. The diffusion equations describing the general mass balance for water combined with Fick’s Law as
a function of axial and radial position (𝓏, r), are as follows (Wang et al., 2010):
(S1)
The experimental setup imposes several boundary conditions for Eq. S1 as follows (Li et al., 2016):

(S2)
(S3)
(S4)
where í𝓏 denotes the advective flow velocity at longitudinal coordinate 𝓏, RH denotes the relative humidity,
D denotes the diffusion coefficient of water vapor in air,

denotes the mean molecular speed, ã denotes the

uptake coefficient of water vapor by silica gel, NShw denotes the Sherwood number, and R is the radius of
the diffusion dryer. For each given aerosol drying flow rate, a differential equation can be solved for a RH
profile and the functional relationship between transmittance of the water vapor in the diffusion dryer. The
RH profiles are illustrated in Fig. S2, with each line representing a radially averaged RH with respect to an
aerosol drying flow rate. In this study, an average drying rate RH'ERH at which particles crystallize in the
diffusion dryer, can be calculated as follows (Wang et al., 2010):

(S5)
where (∂RH/∂𝓏)ERH,r is evaluated at the position r that satisfies RH(r, 𝓏)= ERH as illustrated in Fig. S2.
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Figure S1. Illustration of the drying of the aerosol flow by radial water vapor diffusion on the wall of
silica gel.

Figure S2. Calculated RH in the aerosol flow against the drying time for aerosol drying flow rates of 0.3 L
min-1 (yellow), 0.6 L min-1 (green), 1.0 L min-1 (blue), and 1.5 L min-1 (red). The drying time can be related
to the longitudinal position in the diffusion dryer by using the linear flow velocity converted from the
aerosol drying flow rate. The horizontal line pointed by the arrow indicates the ERH of BSA particles (i.e.
35%), while the ERH of OVA particles is still absent. The slope of the curve at this point is the drying rate
(RH

S-1)

for

aerosol

particles
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at

its

efflorescence

RH.

2.

Validation of the CPMA-SMPS system with ammonium sulfate particles

The CPMA-SMPS system was tested with ammonium sulfate particles, which were generated via a spray-drying process with four aerosol drying flow rates. For
each drying rate, the effective densities of dried particles with 12 diameters ranging from about 40 to 130 nm was measured. The result of the measurement is
summarized in Table S1.
Table S1. Average effective densities of spray-drying generated ammonium sulfate particles (from 0.1% (w/w) ammonium sulfate solution) for aerosol drying
flow rates of 0.3 to 1.5 L min-1.
Aerosol flow

0.3 L min-1

rate
Electrical
Experiment

mobility
diameter
(nm)

Effective
density
(g

cm-3)

0.6 L min-1
Electrical
accuracy

mobility
diameter

(%)

(nm)

Effective
density
(g

cm-3)

1 L min-1
Electrical
accuracy

mobility
diameter

(%)

(nm)

Effective
density
(g

cm-3)

1.5 L min-1
Electrical
accuracy

mobility
diameter

Effective
density

accuracy

(%)

(nm)

(g cm-3)

(%)

1

42

1.58

10.76

38

1.57

11.33

47

1.58

10.76

38

1.57

11.27

2

54

1.59

10.22

53

1.60

9.66

54

1.57

11.35

52

1.59

10.22

3

73

1.57

11.24

70

1.59

10.11

71

1.57

11.24

70

1.58

10.90

4

83

1.60

9.91

83

1.6

9.34

82

1.56

11.60

83

1.57

11.04

5

86

1.62

8.48

87

1.62

8.60

87

1.61

9.16

85

1.61

9.16

6

91

1.62

8.75

90

1.67

5.93

92

1.62

8.75

90

1.65

7.06

7

100

1.64

7.37

99

1.63

7.82

98

1.63

7.94

97

1.65

6.81

8

106

1.64

7.30

104

1.62

8.64

105

1.63

7.87

106

1.66

6.17

9

118

1.63

7.76

116

1.64

7.20

115

1.63

7.76

114

1.67

5.50

10

122

1.64

7.55

122

1.66

6.42

121

1.64

7.55

120

1.69

4.72

11

127

1.64

7.28

125

1.64

7.28

127

1.63

7.68

127

1.65

6.72

12

133

1.63

7.79

134

1.63

8.03

133

1.63

7.79

132

1.66

6.09

Note that the standard deviation (N = 8 for each experiment) in the measured electrical mobility diameter and effective density is within ± 0.19 nm and 0.007 g
cm-3, respectively, which is not listed in this table.
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1

3.

Measured number size distributions of mass-selected particles

2
3

Fig. S3: Measured number size distributions of BSA particles pathing through CPMA. The BSA particles are

4

generated with 0.1% solution and 0.6 L min-1 aerosol drying flow rate.

5

6
7

Fig. S4:

of the lognormal fits of the main mode of the measured number size distributions for (A) BSA and (B)

8

OVA particles generated at different drying conditions
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