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h i g h l i g h t s

• We report the hygroscopicity of multi-component particles related to haze pollution.
• The measurement results are compared with thermodynamic model predictions.
• Coexisting species strongly affect the phase behaviors of NH4NO3 in dry particles.
• The phase of NH4NO3 in dry particles notably affects the hygroscopicity of mixtures.
• The potential inorganic–organic interactions at high RH conditions are analyzed.
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a b s t r a c t

The hygroscopic properties of two water-soluble organic compounds (WSOCs) relevant to urban haze pol-

lution (phthalic acid and levoglucosan) and their internally mixtures with inorganic salts (ammonium

sulfate and ammonium nitrate) are investigated using a hygroscopicity tandem differential mobility ana-

lyzer (H-TDMA) system. The multi-component particles uptake water gradually in the range 5–90% rela-

tive humidity (RH). The experimental results are compared with the thermodynamic model predictions.

For most mixtures, Extended Aerosol Inorganic Model (E-AIM) predictions agree well with the measured

growth factors. The hygroscopic growth of mixed particles can be well described by the Zdanovskii–

Stokes–Robinson (ZSR) relation as long as the mixed particles are completely liquid. ZSR calculations un-

derestimate the water uptake of mixed particles at moderate RH due to the partial dissolution of ammo-

nium sulfate in the organic and ammonium nitrate solution in this RH region. The phase of ammonium

nitrate in the initial dry particles changes dramatically with the composition of mixtures. The presence

of organics in the mixed particles can inhibit the crystallization of ammonium nitrate during the dry-

ing process and results in water uptake at low RH (RH < 60%). These results demonstrate that certain

representative WSOCs can substantially influence the hygroscopicity of inorganic salts and overall water

uptake of particles.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Hygroscopicity, one of the most important characteristics of

aerosol particles, can cause considerable atmospheric issues in-

cluding air quality, health effects and climate change (Pöschl,

2005). Therefore, researchers pay much attention on the inter-
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actions between water vapor and aerosol particles. Atmospheric

aerosols consist of a great number of organics as well as inor-

ganic species. The major inorganic components of atmospheric

aerosols are relatively well understood and are thought to make

a main contribution to the water uptake by aerosols. The hy-

groscopic behaviors of these inorganic salts, such as ammonium

sulfate (AS) and ammonium nitrate (AN), have been character-

ized by many groups (Gysel et al., 2002; Mikhailov et al., 2004).

As for the organics, the detailed composition remains largely

uncertain due to the lack of quantitative and qualitative in-

formation on the chemical constituent. But it has been recog-

nized that a large fraction of organic aerosol is water-soluble
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(Zappoli et al., 1999; Choi and Chan, 2002), indicating that organic

species may also play a role in the hygroscopic growth of aerosol

particles. Furthermore, organics are typically found to be internally

mixed with inorganic components (Lee et al., 2002; Murphy et al.,

2006), and may therefore have impact on the hygroscopic prop-

erty of inorganic fraction (Cruz and Pandis, 2000; Zardini et al.,

2008).

Many studies suggest that organics have significant influence

on the hygroscopic behaviors of inorganic species. For example,

Brooks et al. (2002) investigated the hygroscopicity of mixtures

composed of AS and organic acids, they found that the presence of

water-soluble dicarboxylic acids (such as malonic acid and maleic

acid) could result in a lower deliquescence relative humidity (DRH)

compared to the pure AS. Shi et al. (2012) showed that the in-

ternally mixed AS + benzoic acid particles displayed a decrease

in growth factor at 80% RH with increasing organic mass frac-

tion. Most of these studies focus on the water uptake of mix-

tures consisting of one inorganic salt and one model organic com-

pound, few work have investigated the hygroscopicity of multi-

component aerosols (Marcolli et al., 2004; Svenningsson et al.,

2006; Zamora and Jacobson, 2013), more research is necessary

to better understand this issue. Moreover, these experimental re-

sults indicate that the interactions between the inorganic and or-

ganic compounds are complex, investigating their influence on the

water uptake of inorganic–organic mixed particles is an ongoing

research.

Recently, there is a growing concern about haze pollution in

China due to its links to adverse health effects, visibility reduc-

tion and ecosystem disruption (Liu et al., 2013). Secondary inor-

ganic aerosols, mainly composed of AS and AN, are considered to

play a vital role during the haze evolution. Huang et al. (2014)

reported that AS and AN were important contributors to the ur-

ban PM2.5 (fine particulate matter diameter less than 2.5 μm)

mass in cities such as Beijing, Shanghai and Guangzhou, they ac-

counted for 20–42% of total PM2.5 mass during the haze events.

Based on the chemical analyses for PM2.5 during a polluted pe-

riod in Beijing, the mass fractions of sulfate, nitrate and ammo-

nium were measured to be 23–26%, 12–27% and 13–14%, respec-

tively (Guo et al., 2014). Organic matters also contribute greatly to

the haze pollution. Phthalic acid (PA), a secondary product derived

from photo-oxidation of precursors such as xylene, toluene and

other anthropogenic contaminants (Seinfeld and Pankow, 2003),

has been shown to exist in the urban particulate matter (Wang

et al., 2011a). The estimated secondary organic aerosol mass was

found to be well correlated with PA concentration in the fine par-

ticles during a smog episode in California (Schauer et al., 2002).

Cheng et al. (2013) found PA concentration in the haze episode

was much higher than that in the clean periods in Xi’an, imply-

ing that anthropogenic emissions of pollutants make an important

contribution to the haze formation. Biomass burning emission is

another factor that influences the haze pollution. For example, lev-

oglucosan (LG), an organic tracer for straw burning smokes, was

reported to be the most abundant species among the measured

WSOCs during a severe urban haze event in Nanjing (Wang et al.,

2011b). To our knowledge, the water uptake of multi-component

particles containing these four representative substances (AS, AN,

PA and LG) that related to urban pollution with varying or-

ganic mass fractions has not been well-characterized in earlier

studies.

In this work, the hygroscopic behaviors of internally mixed par-

ticles composed of AS and AN as inorganic component and either

PA or LG as organic component are investigated in the 5–90% RH

using the H-TDMA technique. E-AIM and ZSR approach are used

to predict the water uptake behaviors of aerosol particles. The ef-

fect of organic–inorganic interactions on the hygroscopic growth of

multi-component particles is also analyzed.

2. Experimental

2.1. H-TDMA instrument

The experimental setup has been fully described before (Lei

et al., 2014), which consists of three main parts: (1) an aerosol gen-

erator, (2) a relative humidity control section, (3) a particle sizing

and humidification system. Here is a brief description. The solu-

tions were prepared by mixing chemical compounds with ultra-

pure water (typically 1 g/L) and all solutes appeared to be com-

pletely dissolved at visual inspection. Aerosol particles generated

by an atomizer, were dried to RH < 5% through silica gel diffusion

dryers. The dry particles were subsequently brought to charge and

then flowed into the first differential mobility analyzer (DMA1),

which selected quasi-monodisperse aerosols of the desired dry di-

ameter (∼100 nm). The size-selected particles then entered into

the humidification tubes (∼5 s residence time), where RH could

be regulated in the range 5–90% RH. After equilibration at a set RH,

the particle size distribution of humidified aerosols was measured

by the second DMA (DMA2) combing with a condensation particle

counter (CPC, Model 1500, MSP). All experiments were performed

in the laboratory and the room temperature was air-conditioned to

be 298 ± 1 K. The physical properties of the chemical used in this

study are shown in Table 1.

2.2. Data evaluation and modeling methods

The hygroscopic growth factor (GF) is typically defined as the

ratio of the humidified particle diameter (Dp) at a specific RH

to the initial particle diameter (D0) measured by DMA2 at dry

conditions (RH ∼ 5%). To minimize the effect of droplet curva-

ture, we convert RH to water activity (aw). The Köhler equation

can be used to describe the relationship between aw and RH at

equilibrium:

RH/100% = aw × Ke (1)

Ke = exp

(
4σsolMw

RTρwDp

)
(2)

where Ke is the Kelvin correction factor, Mw is the molar mass

of water, σ sol is the surface tension of the solution (assuming

σ sol = σ water), ρw is the density of pure water, R is the universal

gas constant and T is the temperature. Using an expression pro-

posed by Kreidenweis et al. (2005), we can obtain a hygroscopic

growth curve for an individual compound:

GF =
[

1 +
(
a + b × aw + c × a2

w

) aw

1 − aw

] 1
3

(3)

ZSR method and E-AIM model are used to predict the hygro-

scopic growth of the mixed particles at different RH. According to

the ZSR method, GF of a mixture (GFmix) can be calculated using

the following equation (Malm and Kreidenweis, 1997):

GFmix =
[∑

i

εi(GFi)
3

]1/3

(4)

where GFi is the growth factor of the pure component i and εi is

its respective volume fraction in the mixture. Assuming that the

volume remains unchanged after compounds are mixed, εi can be
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