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Abstract

Mineral dust comprises of a significant fraction of the globe’s aerosol loading. Yet it
remains the largest uncertainty in future climate predictions due to the complexity in its
components and physico-chemical properties. Multi-analysis methods, including SEM-
EDX, FTIR, BET, TPD/mass, and Knudsen cell/mass, were used in the present study to5

characterise Asian dust storm particles. The morphology, element fraction, source dis-
tribution, true uptake coefficient of SO2 and hygroscopic behaviour were studied. The
major components of Asian dust storm particles were found to consist of aluminosil-
icate, SiO2, and CaCO3, which were coated with organic compounds and inorganic
nitrate. The dust storm particles have a low reactivity to SO2 (true uptake coefficient of10

5.767×10−6) which limits the conversion of SO2 to sulfate during a dust storm period.
The low reactivity also demonstrated that the heterogeneous reaction of SO2, in both
dry and humid air conditions, had little effect on the hygroscopic behaviour of the dust
particles. These results indicate that the impact of dust storms on atmospheric SO2
removal should not be overestimated.15

1 Introduction

Mineral dust is an important and complex constituent of the atmospheric system and in-
fluences the Earth’s climate and the atmospheric environment in several ways. Firstly,
atmospheric mineral dust affects climate directly through the scattering and absorption
of solar radiation and indirectly by acting as cloud condensation nuclei (CCN) (Ra-20

manathan et al., 2001). The complexity of the aerosol-cloud-climate system makes the
negative forcing, due to atmospheric aerosols, the largest current source of uncertainty
in predictions of future global climate (IPCC, 2007). Secondly, mineral dust particles
can undergo heterogeneous reactions during atmospheric transportation, altering the
chemical balance of the atmosphere and the physiochemical properties of the mineral25

dust aerosol itself (Cwiertny et al., 2008; Usher et al., 2003). This is significant as
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heterogeneous chemical transformations can potentially form dust particles that are
more hygroscopic and more efficient CCN (Hanke et al., 2003; Ravishankara, 1997).
Finally, cloud processing and heterogeneous chemistry can alter the impact of mineral
dust on the ocean biogeochemical cycles (Desboeufs et al., 2001; Hand et al., 2004;
Meskhidze et al., 2005). For example, Fe-containing mineral dust deposited into the5

Earth’s oceans can modify bio-productivity and biogeochemical cycles by supplying
essential nutrients for phytoplankton (Jickells et al., 2005).

With an annual production estimated at 1000–3000 Tg (Bauer et al., 2004; Ginoux
et al., 2001), mineral dust aerosol comprises one of the largest mass fractions of the
globe’s total aerosol loading. The majority of sources are situated in the arid regions of10

the Northern Hemisphere, which lie in a broad band that extends from the west coast
of North Africa, over the Middle East, Central and South Asia, to China (Prospero et
al., 2002). The frequent dust storms that sweep over northern Asia from desert areas
of Mongolia and China have become increasingly intense over the last decade (Cyra-
noski, 2003; Gong et al., 2003). The increased frequency and intensity of such storms15

has resulted in the concentration of total suspended particulates (TSP) reaching up to
6000 µg m−3 during storm periods (Zhuang et al., 2001). Many Chinese researchers
have studied the occurrence, development processes, transportation mechanisms and
impact on ambient air quality of sand-dust storms in recent years (Gao et al., 1992;
Shi et al., 2005; Xie et al., 2005; Sun et al., 2004a, b; Zhang et al., 1996; Zhang et al.,20

2003). Zhuang et al. (2001) also reported on the composition, source and size distri-
bution of spring dust storms in China and their effects on the global environment. The
physical and chemical characteristics of the aerosols in the air during sand-dust storms
have been found to be markedly different from those on days with normal weather, with
the ambient aerosol during the sand-dust storms coming primarily from local natural25

sources (Yang et al., 2002). Little data is available, however, on the heterogeneous
reactivity and hygroscopic behaviour of the Asian dust particles. This information is
crucial in predicting mineral dust impacts on the climate and atmospheric environment.

Sulfur dioxide (SO2) is the predominant gaseous sulfur containing atmospheric trace

8901

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/8899/2010/acpd-10-8899-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/8899/2010/acpd-10-8899-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 8899–8925, 2010

A comprehensive
characterisation of
Asian dust storm

particles

Q. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

gas. It is released into the troposphere by fossil fuel combustion and volcanic emissions
as well as through oxidation of dimethyl sulfide (DMS) and other sulfur compounds
of biogenic origin. Numerous field, laboratory and modelling studies have provided
convincing evidence that mineral dust plays an important role in the chemistry of sul-
fur dioxide (Dentener et al., 1996; Song and Carmichael, 1999). Field studies have5

recorded anti-correlations between the concentration of sulfur dioxide and Saharan
(Andreae et al., 2003; Hanke et al., 2003) and Chinese (Tang et al., 2004) desert dust
loading. A recent field study by Xie et al. (2005), however, showed the conversion rate
of SO2 to sulfate during a dust period was very low due to low relative humidity. Such
findings indicate that further laboratory research is required to determine the reactivity10

of dust storm particles to SO2. In addition, sulfate coated on mineral dust plays an
important role on the dust’s hygroscopic behaviour, and could determine CCN activity,
precipitation effect and heterogeneous reactivity of mineral dust to reactive gaseous
pollutants. In the present study, the Knudsen cell/mass system was used to investi-
gate the reactivity of dust particles to SO2, and in situ diffuse reflection infrared Fourior15

transform spectroscopy (DRIFTS) was used to investigate the hygroscopic behaviour
of dust particles. The results obtained from this study will improve our knowledge on
the effects of dust storm particles on the atmosphere.

2 Experimental section

2.1 Sampling20

Dust particles were collected in a clean jar on the roof of a building (about 20 m high) of
the Research Center of Eco-Environmental Sciences, CAS (116.3◦ E, 39.9◦ N, Beijing),
on 16–17 April 2006, during a heavy dust storm. The size distribution measured by
laser size analysis showed that the d0.5 of the particles was 20 µm. The BET area
determined from nitrogen adsorption-desorption isotherms at 77 K was 5.43 m2/g.25
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2.2 FESEM-EDX analysis

Morphology and element analysis was performed with a high-resolution digital field
emission scanning electric microscopy (FE-SEM, SUPERA 55, ZEISS, Germany).
The energy dispersive X-ray (EDX) spectrometer was coupled with a circle high-
performance In-lens SE detector. The acceleration voltage was 15.0 KeV. The sam-5

ple was diluted in super-purity water (18 mΩ) with ultrasonic dispersion, and was then
deposited on a 3×3 mm2 Cu substrate and dried in a closed box at room temper-
ature for 12 h. A backscattered electron detector was used to image the samples.
A 200×100 µm area of the same sample was quantified and a detection limit of 0.5
atomic% was chosen for quantification purposes.10

2.3 TPD characterisation

Desorption of the surface species and decomposition of bulk materials were charac-
terised by a Temperature Program Desorption (TPD) experiment, which was conducted
in a tubular reactor coupled with a Mass spectrometer (Hiden, 2000). The carrier gas
used was Ar in a flow of 50 mL/min and the temperature rise rate was 20 K/min.15

2.4 FTIR/DRIFTS experiments

Infrared (IR) experiments were performed with a Nicolet 6700 (Thermo Nicolet, USA)
FT-IR spectroscopy. A DTGS detector in transmission mode was used for particle com-
position analysis, with the aerosol particles diluted with KBr and pure KBr pellets used
as reference. All in situ DRIFTS experiments were conducted in a flow system using20

an in situ diffuse reflection chamber and a high-sensitivity MCT detector. Typically, the
samples (about 13 mg) were finely ground and placed in a ceramic crucible in the in
situ chamber. The samples were purged overnight under a flow of dry nitrogen to re-
move surface water. Mass flow controllers and a sample temperature controller were
used to simulate real reaction conditions. The relative humidity (RH) of the stream was25
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controlled by the addition of a humidified nitrogen flow and was recorded by a hygrom-
eter (CENTER 314, ±2% RH). All in situ DRIFTS experiments were conducted at 300 K
and in a total flow of 100 mL/min. All the reported DRIFTS spectra were recorded at a
resolution of 4 cm−1 for 100 scans.

2.5 Knudsen cell/mass experiments5

A Knudsen cell/mass system was used to analyse the gas phase loss due to surface
reactions and adsorption, which was described in detailed in a previous paper (Liu
et al., 2008). The Knudsen cell consisted of a Teflon-coated reaction chamber with
an inlet valve, a sample holder and an escape aperture. The reaction chamber was
connected to a quadrupole mass spectrometer (Hiden, HAL 3F PIC). The mass spec-10

trometer was pumped differentially by two turbomolecular pumps (Pfeiffer, 60 L s−1 and
240 L s−1) to approximately 10−8 Torr.

The particle samples were dispersed evenly on the sample holder with alcohol and
were then dried at 393 K for 2 h. The pretreated samples and the reactor chamber were
evacuated at 323 K for 6 h to reach a base pressure of approximately 5.0×10−7 Torr. Af-15

ter the system was cooled to 300 K, the sample cover was closed. The 2.01% SO2 gas
(balanced with N2) was introduced into the reactor chamber through a leak valve. The
pressure in the reactor was measured using an absolute pressure transducer (BOC
Edward). Prior to the experiment initiation, the system was passivated with SO2 for
150 min to a steady QMS signal since the samples were isolated from the gas by the20

sample cover. Parameters for the Knudsen reaction chamber can be found in Table 1.

3 Results and discussion

3.1 SEM-EDX analysis

Figure 1 illustrates a typical example of the morphology and X-ray spectrum of the par-
ticles deposited on the copper substrate. Particles were generally sharp-edged and25

8904

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/8899/2010/acpd-10-8899-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/8899/2010/acpd-10-8899-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 8899–8925, 2010

A comprehensive
characterisation of
Asian dust storm

particles

Q. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

irregular in shape and contained mostly crustal elements such as Si, Al, Fe and Ca.
The fractions of two major elements, Al and Si, were less than their crustal abundance,
as shown in Table 2. This suggests that both anthropogenic and other source aerosols
continuously mix with dust storm particles during transportation. Furthermore, C and
Cl were detected with larger weight fractions than their crustal abundance. The un-5

expected higher fraction of C possibly originated from the deposition of carbonaceous
aerosols during the dust event. The carbonaceous aerosol emissions from biomass
burning in China, including bio-fuel combustion, agricultural crop residue burning, and
forest and grassland fire, are certainly major contributors to organic aerosols in China
(Streets et al., 2003). Additionally, fine particles coated with carbonaceous species10

showed a more spherical shape, in agreement with the results of previous TEM re-
search (Shi et al., 2005). The higher than expected Cl concentration may have come
from polyvinylchloride plastic in trash and coal burning (Sun et al., 2004a). The amount
of sulfur was below the detection limit, which indicates little sulfur species were present
on the particles’ surface.15

Chemically stable mineral particles are widely considered good indicators of atmo-
spheric movements (Zhang et al., 1996). While no spectral elements unique to Chinese
dust source regions exists for use as a real tracer, it is reasonable to expect the ratios of
some elements to vary with source area. Several researchers found that Si/Fe, Ca/Fe,
Si/Al, Fe/Al, Mg/Al and Sc/Al could be used to identify the origin of the dust from differ-20

ent areas in China (Sun et al., 2004b; Zhang et al., 1996, 2003). Recently, the ratio of
Mg/Al was used as an indicator for determining the contribution of local and non-local
sources of airborne particulate pollution at Beijing (Han et al., 2005). In the present
study, the ratio of Mg/Al was approximately 0.32. The reference values for the ratio
of Mg/Al are 0.45 for Beijing soil, 0.12 for Duolun in Inner Mongolia (which was the25

original area of this dust storm), and 0.15 for Fengning, an area between Beijing and
Duolun (Han et al., 2005). Due to the uncertainty of energy-dispersive X-ray spectrum,
it is not possible to evaluate the contributions of each source accurately. The results
do imply, however, that other aerosol sources are continually deposited on the dust
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particles during transportation.

3.2 TPD and FTIR experiments

Temperature program desorption is a useful method for surface species analysis in sur-
face science, and was used in the present study to gain insight into the dust particle’s
major surface components. The desorbed species of CO2 (m/e=44), H2O (m/e=18),5

CO (m/e=28), NO (m/e=30), SO2 (m/e=64), O2 (m/e=32), and NO2 (m/e=46) were
monitored by mass spectrometer. As seen from Fig. 2a, four peaks for water (m/e=18)
at 362, 423, 643 and 838 K were observed. The results showed that an amount of water
was adsorbed on the particles’ surface in the ambient atmosphere and some hydroxyl
groups were also present on dust particles’ surface. During the desorption program,10

physically adsorbed water molecules desorbed at low temperature and the water from
the hydroxyl groups desorbed at high temperature. In addition, another source of water
desorbed at high temperature was the oxidation product of organic species adsorbed
on the particles (discussed later). The intense desorption peak of CO2 (m/e=44) with
the fraction peak CO (m/e=28) at 976 K was due to the decomposition of calcium car-15

bonate, often reported as a major component of Asian dust particles (Shi et al. 2005;
Xie et al., 2005; Zhang et al., 2003). In addition, both the mass signal intensities of
CO2 and CO increased gradually when the temperature was above 540 K, which may
be due to the burning of organic species. Although the whole program was in an Ar
atmosphere, residual O2 (m/e=32) was present and was consumed when the temper-20

ature was above 540 K, as shown in Fig. 2a. Moreover, the sample turned from brown
to black after the TPD process due to the residual black carbon. These results show
that many carbonaceous species coated these particles, which was consistent with the
higher C weight percentage obtained in the EDX spectrum. Desorption of NO was
also observed, indicating the presence of a surface nitrate species. Previous research25

has shown that atmospheric HNO3 can be readily adsorbed on mineral dust due to its
basicity when the dust contained calcite (Usher et al., 2003). The complete conversion
of authentic mineral dust samples, through a heterogeneous reaction between CaCO3
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and HNO3, has also been reported in laboratory and field studies (Laskin et al., 2005a,
b). These processes resulted in the nitrate-coated dust observed in this study. Our
results also showed there was no SO2 desorption, which was in good agreement with
the EDX findings and indicates that there was little sulfur species on the surface of the
particles.5

The composition of the dust particles was further analysed using Fourier transform
infrared (FTIR) spectroscopy to characterise the surface species and the structure of
the substrate. The sample was heated in air for 12 h at different temperature (573 and
973 K) to remove different surface species and study the structure information of the
substrate. The IR spectra of the fresh sample, as well as the different temperature10

heated samples, are shown in Fig. 2b. Several bands at 1030, 798, 773, 690 and
472 cm−1 were observed in all three samples, which can be attributed to the stretch-
ing of Si-O, Si-O-Al and Al-O (Mashburn et al., 2006). This suggests that thermal
treatment did not destroy the skeleton structure of the aerosol particle. The bands ob-
served on the fresh sample at 1435, 875 and 525 cm−1, which were also present on15

the 573 K heated sample, disappeared after being heated at 973 K. The bands at 1435
and 875 cm−1 were assigned to asymmetric stretching (v3) and in-plane bend (v4) of
CO2−

3 in calcium carbonate, respectively (Al-Hosney et al., 2005). Since CaCO3 par-
ticles, exposed to ambient atmosphere, are terminated by a Ca(OH)(CO3H) surface
layer (Al-Hosney et al., 2005), the peak at 525 cm−1 was attributed to v7 (OC-OH) (Bal-20

trusaitis et al., 2006). These results were in good agreement with the TPD findings,
which showed decomposition of CaCO3 at 976 K. The band at 1385 cm−1, which was
attributed to H-C bending mode, disappeared after being heated at 573 K. This was
due to the oxidation of the organic species, as shown in the TPD results. The peak at
1620 cm−1 may be due to the bend mode of H-O-H or the asymmetric stretching (COO)25

of carboxylic species. The TPD and FTIR results showed that the major components
of the dust particles were aluminosilicate, SiO2 and CaCO3, which were coated with
organic species.
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3.3 Knudsen cell experiments

The uptake of SO2 on the dust particles was investigated by a Knudsen cell/Mass
system to study its heterogeneous reactivity with mineral dust. Initially, a steady flow
of SO2 was achieved before the powder was exposed. Upon opening the sample
holder lid, the parent ion SO2 signal, monitored at m/e=64, dropped dramatically. The5

observed uptake coefficient, γobs, can be determined from the Knudsen cell equation
as follows (Golden et al., 1973):

γobs =
Ah

As

I0− I

I
(1)

where Ah is the effective area of the escape hole, or escape aperture (Ah=0.4 mm2),
As is the geometric area of the sample holder (As=5.26 cm2), and I0 and I are the10

QMS intensities measured with sample covered and sample exposed, respectively.
The values calculated in this way are the initial observed uptake coefficients, γ0,obs,
representing the uptake coefficient observed at the initial stages of the reaction. As
reported by Usher et al. (2002), the uptake coefficient of SO2 on mineral oxides de-
pends on the sample mass, which has been ascribed to the diffusion of SO2 into the15

underlying layers of multilayer powder samples (Underwood et al., 2000). When the
uptake coefficient was calculated by Eq. (1), this mass dependence relationship was
not considered. However, this must be accounted for in the determination of a true
uptake coefficient.

As seen in Fig. 3a, the QMS intensity decreased when the sample holder lid was20

open to the dust particle sample, yet reverted to initial levels after the lid’s closure.
The observed uptake coefficient, γ0,obs (Fig. 3b) was determined using Eq. (1). The
dependence of the initial observed uptake coefficient to sample mass is shown in Fig. 4.
It is clear that the observed uptake value was dependent on the mass of the sample:
as sample mass increased, so did the observed initial uptake coefficient. The plot in25

Fig. 4 shows only the region where γ0,obs is linearly dependent on the mass.
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From the plot in Fig. 4, a mass-independent uptake coefficient can be derived as
(Carlos-Cuellar et al., 2003)

γBET = slope ·
As

SBET
(2)

where slope is the slope of the plot of γobs versus sample mass in the linear region
(mg−1), and SBET is the specific surface area of the particle sample (5.43 m2/g). It5

can be seen that the BET-surface-area-corrected value of the initial uptake coefficient,
γ0,BET, was 5.767×10−6. The value is lower than that reported in other studies when
other authentic mineral dust particles were used. Usher et al. (2002) investigated
the uptake of SO2 on China loess, with the initial uptake coefficient determined to be
(3±1)×10−5. The initial uptake coefficient of SO2 on Saharan dust was (6.6±0.8)×10−5

10

when flow tube was used (Adams et al., 2005). The low uptake coefficient value ob-
tained in this present study was due to the major components, that is, aluminosilicate
and SiO2 as shown by EDX, TPD and FTIR results, having low reactivity to SO2. It can
also explain the field measurement results that showed the measured ratio of SO2−

4

to (SO2−
4 +SO2) was very low during dust periods (Xie et al., 2005). Xie et al. (2005)15

stated that this phenomenon could be explained by the low relative humidity during
the dust period. The low uptake coefficient means the low possibility for the first stage
of conversion of SO2 to SO2−

4 . It should be pointed out that the partial pressure of

water in the Knudsen cell was less than 10−4 Torr, which means the relative humidity
was less than 1%. The role of water on the conversion of SO2 to sulfate could not be20

accounted for in Knudsen cell experiments. Therefore, we applied in situ DRIFTS to
study water uptake as well as the role of water on the heterogeneous reaction of SO2
on dust particles.

3.4 Hygroscopic measurement

Adsorption of water vapour onto dust particles was measured at room temperature25

by means of DRIFTS. The integrated intensity of the O-H stretching region of 2700–
8909
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3700 cm−1 provides a measure of the amount of water on the surface. The peak in
this region is a combination of vibrational modes, symmetric stretch at 3400 cm−1 and
asymmetric stretch at 3236 cm−1, which were demonstrated as suitably strong to mon-
itor water adsorption on the surface of the particles (Goodman et al., 2001; Gustafsson
et al., 2005). Unlike transmission FTIR, DRIFTS shows no linear relation between5

band intensity and concentration of absorbent. Gaining quantitative information from
the spectra is non-trivial since the Beer-Lambert law, used in transmittance, is not
applicable. The Kubelka-Munk (K-M) theory can, however, be applied to improve the
linearity of the dependence of signal intensity upon concentration (Armaroli et al., 2004;
Gustafsson et al., 2005). Figure 5a shows the water adsorption DRIFTS spectra. The10

isotherms of water uptake on fresh dust and on dust reacted with SO2 in dry and humid
air conditions obtained after applying the K-M function, are shown in Fig. 5b. The effect
of reaction with SO2 on the hygroscopic behaviour of the dust sample, is discussed
later.

All the isotherms in Fig. 5b exhibit type III characteristics, indicative of a low adsorp-15

tion enthalpy in the contact layer. In most cases, the two-parameter BET equation with
the assumptions of a uniform surface and an infinite number of layers (n=∞) does not
fit the experimental data at high relative pressures when the adsorption isotherm rises
indefinitely, and an infinite number of layers (n=∞) of adsorbing gas is predicted to
build up on the surface. The three-parameter BET equation limits the number of layers20

of gas adsorbing at high values of P/P0, which is as follows:

V =
Vmc

P
P0

1− P
P0

1− (n+1)( P
P0

)n+n( P
P0

)n+1

1+ (c−1)( P
P0

)−c( P
P0

)n+1
(3)

where V is the volume of gas adsorbed at equilibrium pressure P , Vm is the volume
of gas necessary to cover the surface of the adsorbent with a complete monolayer,
P0 is the saturation vapour pressure of the adsorbing gas at the temperature when25

the adsorption process occurs. The value n is an adjustable parameter given as the
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maximum number of layers of the adsorbing gas and is related to the pore size and
properties of the adsorbent. As a result, multilayer formation of adsorbing gas is limited
to n layers at large values of P/P0. The parameter c is the temperature-dependent
constant related to the enthalpies of adsorption of the first and higher layers through
Eq. (4)5

c=exp−[
∆H0

1−∆H0
2

RT
] (4)

where ∆H0
1 is the standard enthalpy of adsorption of the first layer, ∆H0

2 is the standard
enthalpy of adsorption on subsequent layers and is taken as the standard enthalpy of
condensation, R is the gas constant and T is the temperature in Kelvin.

Curve-fitting software was used to fit the 3-parameter BET equation for the water10

adsorption isotherm of the fresh dust sample. The result is shown in Fig. 5b with a
correlation coefficient r=0.99. The fitting result gave fit values for n (27.6), c (1.52) and
Vm. With Vm, the integrated K-M area can be converted to layers of water adsorption.
On this basis, the one monolayer of water was calculated to have formed at ∼46%
RH. The ambient RH is about 20–80%, which means about 1–4 layers of water can be15

adsorbed on the particle surface.
The DRIFTS studies of SO2 adsorption on dust particles under dry and humid (50%

RH) air conditions were also conducted. After the adsorption processes, the samples
were purged by dry N2 for 1 h to remove the gaseous-phase and physical-adsorbed
SO2, and the spectra were then collected. As shown in Fig. 6a and b, spectra under20

both dry and humid air conditions showed no absorbance feature of sulfate species,
which further confirms the low reactivity of dust particles to SO2. Only peaks, due to
residual adsorbed water, were observed at 1650 and 3600 cm−1. This suggests that the
relatively small amount of water adsorbed at ambient RH cannot significantly enhance
the conversion of SO2 to sulfate during the dust storm period. Additionally, the effect25

of the SO2 reaction on the hygroscopic behaviour of dust particles was also studied
(Fig. 5b). These results showed that the heterogeneous reactions of SO2 have only a
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slight effect on the hygroscopic properties of dust particles. There are several reasons
to explain this phenomenon. Firstly, the major components SiO2 and aluminosilicate
are inactive to SO2. Secondly, coating with organic species limits the reaction extent
of SO2 with mineral dust. Finally, to convert SO2 to sulfate on mineral dust, an oxidant,
such as H2O2, O3, HNO3 or NO2, is needed (Al-Hosney et al., 2005; Li et al., 2006;5

Ma et al., 2008; Ullerstam et al., 2002, 2003). These factors are, therefore, probably
responsible for the limited effect of the SO2 reaction on the hygroscopic change of dust
particles.

4 Conclusions and atmospheric implication

Asian dust storms are one of the largest primary sources of global aerosols. The major-10

ity of dust storm particles are deposited during transportation, which has a significant
effect on the atmospheric environments of the exposed cities. In this study, dust storm
particles collected in Beijing were analysed by SEM-EDX, FTIR and TPD experiments.
The major components of the dust particles were SiO2, aluminosilicate and CaCO3,
which were coated with certain organic and nitrate species. These particles contained15

large fractions from both anthropogenic and natural sources after a long transportation.
Knudsen cell experiments demonstrated that the observed uptake coefficient showed
a linear mass dependence relationship. With a true uptake coefficient of 5.767×106,
the reactivity to SO2 was very low. These results suggest that the removal effect of
SO2 by mineral dust during dust storms should not be overestimated. The isotherm20

of water adsorption on dust particles showed a III-type BET curve, with the monolayer
formed at ∼46% RH, and only 1–4 layers of water adsorbed at the ambient RH range
(20–80%). Adsorbed water molecules show no enhancement effect on the conversion
of SO2 to sulfate species on the dust particles. In addition, the heterogeneous reaction
of SO2 under both dry and humid air conditions had little influence on the hygroscopic25

behaviour of dust particles.
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Table 1. Knudsen reactor parameters.

Knudsen reactor parameter value

reactor volume, V 94.0±0.5 mL
experimental temperature, T 300±0.1 K
geometric sample area, As 5.26±0.05 cm2

escape orifice area, Ah 0.40±0.03 mm2

escape ratea, kesc 1.8 s

a calculation from ln( I−I ′
I0−I ′

)∝ t, I0, I ′ and I are the QMS signal intensities of N2 for first steady
state, second one and the signal intensities between these two steady states, respectively.
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Table 2. FESEM-EDX elements distributiona.

Element C O Mg Al Si Cl K Ca Fe S

Weight% Error 22.06±5.09 49.44±1.80 1.80±0.16 5.59±0.23 12.26±0.32 0.78±0.13 1.28±0.15 3.04±0.15 3.75±0.42 n.d.b

Crustal abundance 0.003 46.0 1.33 8.04 30.8 0.0001 2.4 3.0 3.5 0.00035
Atom % Error 31.44±7.26 52.89±1.93 1.27±0.11 3.54±0.15 7.47±0.20 0.38±0.06 0.56±0.06 1.30 ±0.10 1.15±0.13 n.d.b

a Average concentration from 3 measurements. N not detected due to the spectral overlap; b n.d. – not detected or
below detection limit.
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Fig. 1. SEM image of dust particle sample (left) and the EDX spectrum (right). 

 

Fig. 1. SEM image of dust particle sample (left) and the EDX spectrum (right).
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Fig. 2. Characterization of Asian dust storm particles. (A) TPD spectra, condition: carrier gas 

Ar = 50 mL/min, β = 20 K/min, msample = 200 mg. (B) FTIR spectra of (a) fresh sample, 

heated in air for 12 hours at (b) 573 K, and (c) 973 K.  
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Fig. 2. Characterisation of Asian dust storm particles. (A) TPD spectra, condition: carrier gas
Ar=50 mL/min, β=20 K/min, msample=200 mg. (B) FTIR spectra of (a) fresh sample, heated in
air for 12 h at (b) 573 K, and (c) 973 K.
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Fig. 3. The uptake of SO2 on 60 mg dust particle at 300 K. (a) the temporal concentration 

profiles for SO2 (m/e = 64) in the uptake experiment; (b) the observed uptake coefficients. 

Conditions of SO2 flow: 2.0% in N2 balance. 
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Fig. 4. Linear mass dependence of SO2 observed uptake coefficients on dust particles at 300 

K. Conditions of SO2 flow: 2.0% in N2 balance. 
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300 K. Conditions of SO2 flow: 2.0% in N2 balance.
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Fig. 5. Water uptake on dust particles obtained at 300 K. (A) DRIFTS spectra as a function of 

RH (2.1, 4.5, 7.2, 11.9, 17.8, 26.4, 33.3, 41.6, 49.8, 56.4, 65.0, 74.9, 86.6, 96.1 %RH); (B) 

isotherms of fresh dust, reacted with SO2 (200 ppm) + O2 (20%) (< 5% RH), and with SO2 

(200 ppm) + O2 (20%) at RH=50% (50% RH). Integrated region was 2700-3700 cm-1. 

 

Fig. 5. Water uptake on dust particles obtained at 300 K. (A) DRIFTS spectra as a function
of RH (2.1, 4.5, 7.2, 11.9, 17.8, 26.4, 33.3, 41.6, 49.8, 56.4, 65.0, 74.9, 86.6, 96.1 %RH);
(B) isotherms of fresh dust, reacted with SO2 (200 ppm)+O2(20%) (<5% RH), and with SO2

(200 ppm)+O2 (20%) at RH=50% (50% RH). Integrated region was 2700–3700 cm−1.
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Fig. 6. DRIFTS spectra of SO2 (200 ppm) adsorption on dust particles in air (20% O2 + N2) at 

300 K for 2 h in (a) dry condition and (b) humid condition RH=50%. 

 

Fig. 6. DRIFTS spectra of SO2 (200 ppm) adsorption on dust particles in air (20% O2+N2) at
300 K for 2 h in (a) dry condition and (b) humid condition RH=50%.
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