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Airborne mineral dust particles serve as cloud condensation nuclei (CCN), thereby influencing the

formation and properties of warm clouds. It is therefore of atmospheric interest how dust

aerosols with different mineralogy behave when exposed to high relative humidity (RH) or

supersaturation (SS) with respect to liquid water. In this study the subsaturated hygroscopic

growth and the supersaturated cloud condensation nucleus activity of pure clays and real desert

dust aerosols were determined using a hygroscopicity tandem differential mobility analyzer

(HTDMA) and a cloud condensation nuclei counter (CCNC), respectively. Five different illite,

montmorillonite and kaolinite clay samples as well as three desert dust samples (Saharan dust

(SD), Chinese dust (CD) and Arizona test dust (ATD)) were investigated. Aerosols were

generated both with a wet and a dry disperser. The water uptake was parameterized via the

hygroscopicity parameter k. The hygroscopicity of dry generated dust aerosols was found to be

negligible when compared to processed atmospheric aerosols, with CCNC derived k values

between 0.00 and 0.02 (the latter corresponds to a particle consisting of 96.7% by volume

insoluble material and B3.3% ammonium sulfate). Pure clay aerosols were generally found to be

less hygroscopic than natural desert dust particles. The illite and montmorillonite samples had

k B 0.003. The kaolinite samples were less hygroscopic and had k = 0.001. SD (k = 0.023) was

found to be the most hygroscopic dry-generated desert dust followed by CD (k = 0.007) and

ATD (k = 0.003). Wet-generated dust showed an increased water uptake when compared to

dry-generated samples. This is considered to be an artifact introduced by redistribution of soluble

material between the particles. Thus, the generation method is critically important when

presenting such data. These results indicate any atmospheric processing of a fresh mineral dust

particle which leads to the addition of more than B3% soluble material will significantly enhance

its hygroscopicity and CCN activity.

Introduction

Atmospheric aerosol particles are able to affect chemical,

microphysical, and radiative atmospheric processes which

makes them important when considering both natural and

anthropogenic climate forcing. On the one hand, they absorb

and scatter radiation (the ‘direct aerosol effect’)1,2 while on the

other hand they act as cloud condensation nuclei (CCN) and

ice nuclei (IN) leading to cloud formation and growth as well

as influencing albedo, persistence, and other cloud properties

(the ‘indirect aerosol effect’).3–5 Mineral dust particles derived

from windblown soils and deserts are one of the most globally

abundant natural aerosol species and, according to a 16-model

average, they are second in emitted mass only to sea salt and

highest in overall atmospheric burden.6 Depending on their

origin, mineral dust particles can contain various constituents

such as alumino-silicates, carbonates, and miscellaneous metal

oxides.7 Different dust species can be distinguished by

electron microscopy or single particle mass spectrometry.8

Dust characteristics of atmospheric and climatic interest were

summarized in a recent review.9

Dust aerosols can undergo a variety of chemical reactions

with gaseous precursors in the atmosphere during transport.

Their surface can provide a medium for heterogeneous

chemical reactions, e.g. N2O5 hydrolysis,10 SO2 oxidation11

and HO2 uptake.12 Several laboratory studies have investi-

gated how pure mineral dusts behave in environments with

high relative humidity (RH) in terms of, e.g. the uptake of

nitric acid.13,14 It has been shown that both the ambient RH

and mineralogy are highly important for reactivity.9,15

In terms of microphysical effects dust aerosols have

been found to be an important source of IN16–19 and

laboratory studies show that clay minerals in particular

(e.g., montmorillonite, kaolinite or illite) have effective ice

nucleating properties.20–22 Different clays were found to

nucleate ice with different efficiencies, however. For example

montmorillonite was found to be a more efficient IN than
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kaolinite.23 The chemical composition of ice nuclei may have

significant implications for the indirect aerosol effect, as shown

in a modeling study.24

From field measurements, mineral dust aerosols are

generally found to be non-hygroscopic25,26 although aged

species show somewhat more hydrophilic behavior.27 Global

models that include the mineral dust aerosol component

normally assume it to be fully insoluble, i.e. non-hygroscopic.

The common approach used in numerical models is that dusts

are only able to act as CCN after being coated with some

fraction of soluble material.28–32 Nonetheless, as we will show

in this paper, unprocessed mineral dust particles are able to act

as CCN at 0.2% SS for sizes above 200–400 nm diameter.

The soluble fraction of dust not only influences its role in

cloud formation processes but it is also a controlling factor in

dust removal by wet deposition. This is especially true for the

pathway involving nucleation scavenging in clouds. Water

uptake will also affect dust particle size and density,

influencing the dry deposition pathway predominantly via

gravitational settling. A recent study6 found a high diversity

among 16 global models with respect to the emission,

deposition, burden, and residence time of six major aerosol

components. For sea salt and dust, this comparison found that

the models neither agreed on the split between wet and dry

deposition, nor on that between sedimentation and other dry

deposition processes. Furthermore, there was an extremely

high diversity for the uptake of ambient water vapor. While it

was noted that the disagreement over deposition pathway was

influenced by disagreement in emitted quantities, an improved

representation of aerosol water content in global models

was identified as a ‘‘high priority’’ necessary for improved

estimates of the impact of aerosols on climate. Water content

will also modify the optical properties of the suspended

particles by changing their size and index of refraction.

Uncertainty in radiative effects of the dust particles leads to

uncertainty in global model studies of climate and in satellite

retrievals of both aerosol and trace gases concentrations. For

instance, quantitative satellite retrievals rely on detailed

forward models of the underlying radiative transfer, requiring

particle physical and optical properties as input parameters.

To understand these effects more information about dust

surfaces, specifically the interaction between dust particles and

water vapor, is needed. A recent study33 investigated the water

uptake of pure clay minerals spectroscopically and found

differences for diverse clays. The greatest water uptake was

found for clays that can accommodate swelling and minerals

rich in Mg, Fe and Ca. These measurements were performed

on bulk samples and, to date, it is neither known to what

extent these findings apply to aerosol particles, nor if they

apply to desert dusts. Desert dust aerosols have been studied in

the laboratory with respect to water uptake but only for a few

selected species.34–37

Instruments such as a CCNC and a HTDMA are tools that

can be used to investigate the water uptake of mineral dust

aerosols. With the HTDMA, the water uptake of aerosol

particles in terms of the hygroscopic growth factor (GF) can

be measured at RH o 100%. With the CCNC the critical

supersaturation (Scrit) at which aerosols of a certain composition

and size activate as CCN can be determined. The aerosol water

uptake at sub- and supersaturations is described by the Köhler

equation:38

RH = awSK, (1)

where aw is the water activity and SK the Kelvin term,

accounting for the vapor pressure increase over a curved

surface. In this study surface tension of pure water is assumed

in the Kelvin term. A simple parameterization of the water

activity has been introduced:39

k ¼ ðGF
3 � 1Þð1� awÞ

aw
; ð2Þ

which allows, together with eqn (1), a comparison of HTDMA

and CCNC measurements.

In this study mineral dust aerosols were generated with

either a dry disperser or by atomization from an aqueous

solution in order to simulate fresh and processed dust,

respectively. Five different clay samples (illite, kaolinites from

two sources, montmorillonite and Na-montmorillonite) were

analyzed. The results are compared with naturally occurring

Saharan dust (SD), China dust (CD) and commercial Arizona

test dust (ATD).

Experimental

A schematic illustration of the experimental setup is show in

Fig. 1. Aerosols were generated either dry or from an aqueous

solution. For wet dust nebulization a custom-built constant

output atomizer was used. Dry dust particles were mecha-

nically aerosolized with a custom-built dry dust generator8

with a cyclone (Model URG-2000-30ED, URG, Chapel Hill,

NC, USA) to remove particles exceeding 250 nm diameter. In

this case particle free air was added to the aerosol flow to meet

the flow rate required for the cyclone. The polydisperse aerosol

then passed through a diffusion dryer and a pre-impactor

(TSI, Model 1035900, nozzle diameter: 0.071 cm) with a

50% cut point at B330 nm was used to reduce the incidence

of relatively large particles carrying multiple charges. The

aerosol flow was split and neutralized with krypton-85 bipolar

chargers. A portion of the particles was then size-selected with

a differential mobility analyzer (DMA, TSI, Model 3081) and

sent to a CCNC (Droplet Measurement Technologies) with a

flow rate of 0.5 L min�1 and a condensation particle counter

Fig. 1 Schematic of the experimental setup showing wet and dry

particle generation in an atomizer and dry disperser, respectively.

Hygroscopicity and CCN activity measurements follow in the

HTDMA and CCNC, respectively. See text for further details.

This journal is �c the Owner Societies 2009 Phys. Chem. Chem. Phys., 2009, 11, 7804–7809 | 7805



(CPC, TSI Model 3772) with a flow rate of 1 L min�1.

A detailed description of the CCNC can be found in recent

publications.40,41 With the DMA/CCNC setup, the critical

supersaturation required to activate 50% of a monodisperse

size-selected aerosol flow was determined. In addition, the

DMA and the CPC could be alternately deployed as a

scanning mobility particle sizer (SMPS) system to obtain size

distributions of the dust samples as described below. The other

portion of the aerosol flow was analyzed with a HTDMA,

custom-built at the Paul Scherrer Institute and based on a

previously described instrument,42 used in conjunction with

another CPC (TSI, Model 3022A) having a flow rate of

0.6 L min�1. The HTDMA had a residence time of 30 s from

the entrance of DMA1 to the end of DMA2. HTDMAs

determine the water uptake of aerosol particles as a function

of RH and dry size. The raw measurement data have been

inverted using the algorithm described in a recent study43 in

order to retrieve the hygroscopic growth factor GF, which is

defined as GF(RH) = DRH/D0 , where DRH is the particle

diameter at a certain RH, andD0 is the dry diameter of the particle

(RH o 10%). During this study the HTDMA and the CCNC

were periodically calibrated with ammonium sulfate aerosols.

The samples used in this study are listed in Table 1. It should

be noted that the composition of dust samples of natural

origin may vary from sample to sample. The majority of the

samples used here have also been used in previous studies;

e.g. the illite, kaolinite and montmorillonite were used in a

recent sudy8 as well as the ADT, SD and CD samples.20

At the beginning and end of each measurement the number

size distribution for each dust sample was obtained using the

SMPS. The generation method had a large effect on the size

distribution produced. Fig. 2 shows exemplary size distri-

butions of wet and dry generated SD. Dry-generated aerosols

had a size mode between 150 and 250 nm diameter where the

decrease at larger size can be attributed to removal by the

pre-impactor. Wet-generated dust aerosols had a mode at sizes

below 50 nm diameter with a rapid decline towards larger

sizes. This behavior for wet generated aerosols was more

distinct for the collected desert dusts while the size distribution

of the pure compounds exhibited a less distinct decrease and

often had also a shoulder, or even a bimodal distribution,

towards larger sizes. A similar size distribution was also

obtained in a study generating ATD with a wet disperser.35

We believe that the collected desert dusts contain a fraction of

soluble material (e.g. inorganic salts) which together with the

residual contamination of the MilliQ-water, forms this

sub-100 nm particle range.

It is assumed that these particles consist of mineral dust but

that these aerosols may also have a coating added by the

redistribution of soluble material from the larger to the smaller

particles. To test this hypothesis composition measurements of

dry and wet generated aerosols with an aerosol time-of-flight

mass spectrometer (ATOFMS),44 commercially available from

TSI (Model 3800, TSI Inc., MN), were conducted. Several

thousand wet and dry aerosol mass spectra of ATD and

Na-montmorillonite were acquired with the ATOFMS. A

comparison of wet and dry spectra indicate that there are

discrepancies in the chemical composition between the two

generation methods at the single particle level. Specifically,

peaks related to chlorine or nitrates were more pronounced in

the spectra of wet-generated aerosols. For this reason we

disregard the large number of sub-100 nm aerosol and only

data for wet-generated particles with D = 200 and 250 nm

diameter are presented in these experiments.

Particles of the same size were also used when dry-dispersed

for comparison and to minimize potential interferences from

multiply charged particles. With the HTDMA the GF was

determined at 88 o RH o 94%, and, for selected dust

samples, humidograms (with 17% o RH o 94%) were

obtained. The supersaturation in the CCNC was ramped from

0.07 to 1.0% while keeping the selected dry size constant. The

activated fraction as a function of supersaturation, commonly

referred to as the S-scan, was fitted with a double sigmoid

curve in order to determine the critical supersaturation, Scrit,

where 50% of the particles act as CCN. Effects of multiple

charges were accounted for by taking the 50% cut of the

sigmoid representing the singly charged particles.

Table 1 Dust sample properties

Dust samples Aerosol generation Product origin

Illite Dry and wet Arginotec, NX Nanopowder, B +M Nottenkaemper, Munich, Germany
Kaolinite Dry and wet Fluka Ref. 03584 [1318-74-7] Natural origin
Kaolinite (low defect) Dry (limited sample) Clay Minerals Society, Chantilly VA, USA, Natural origin
Montmorillonite Dry and wet Aldrich, K�10, Cat. 28,152-2 [1318-93-0] Natural origin
Na-montmorillonite Dry and wet Clay Minerals Society, Chantilly VA, USA, Natural origin
Arizona test dust Dry and wet Powder Technology Inc. (Minnesota, USA)
China desert dust Dry (limited sample) Takla Makan Desert, China
Saharan desert dust Dry and wet Near Cairo, Egypt

Fig. 2 Number size distribution of wet (grey) and dry (black)

generated Saharan dust.
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Results

Aerosol particles of 200 and 250 nm mobility diameter of the

eight different dust species listed in Table 1 were analyzed with

the HTDMA and CCNC with GF determined in the former

and Scrit in the latter. The hygroscopicity parameter k was then

determined from each data set. Fig. 3 presents the determined

Scrit from the CCN data as a function of the aerosol diameter

with lines of constant k shown for clarity. Lines for mixed

insoluble/soluble particles with 1% and 5% ammonium

sulfate volume fraction (eAS = 0.01 and eAS = 0.05) are also

shown. In general, all dust particles activated at higher satura-

tions than typical atmospheric aerosol (k = 0.2 to 0.4 for the

lower free troposphere aerosol,25 k E 0.1 for secondary

organic aerosol,45 and k E 0.6 for pure ammonium sulfate

aerosol39). CCN derived k values close to zero were found for

all samples. These values are in agreement with the general

global dust modeling assumption that mineral dusts are

non-hygroscopic.46 Specifically, the determined k are

predominantly found on the order of magnitude below 0.020.

A trend in hygroscopicity was apparent, however. The highest

Scrit and lowest corresponding k was needed for activation of

the dry-generated pure kaolinite clays. The clays illite,

montmorillonite and Na-montmorillonite activated at slightly

higher saturations than kaolinite but similar to one another

and all had k = 0.002–0.003. For dry generated desert dusts

generally lower supersaturations were found. ATD was found

to have k = 0.002–0.003, CD k = 0.007 and SD k = 0.023.

Wet-generated dusts in all cases activated at significantly

lower supersaturations than the corresponding dry generated

aerosols. Again, this bias of the wet generation is an artifact

due to soluble material added by a redistribution from the

larger to the smaller particles. For this reason samples such as

mineral dust should never be brought into solution for aerosol

generation if the goal is to mimic fresh emissions. The dry

generated dusts, on the other hand, are considered to be

representative of fresh windblown emissions.

The mineral dusts showed only minimal growth in the

HTDMA even at RH as high as 94%. The observed growth

factors are right at the detection limit of the instrument, which

was limited during these experiments by the stability of the

aerosol source. Uncertainties of the HTDMA derived k values

are therefore generally larger than the observed differences

in between the samples. The k values obtained from the

HTDMA data were compared to the CCNC-derived k values

and the results are presented in Fig. 4 with this caveat that the

uncertainties associated with the HTDMA data are greater

than for the CCN since the instability of the aerosol source did

not affect the latter instrument. All except one of the k values

determined from the GFs were found to be below 0.010, which

corresponds to eAS = 0.017. The CD and both kaolinite

samples exhibited the lowest GFs. Considering the error range

the kaolinite samples indicate a GF r 1. GFs o 1 are

physically possible due to a restructuring, change in shape,

or compaction of an aerosol. A recent study34 observed a

GFo 1 after ATD aerosols was exposed to high RH (495%).

Another study37 found GFs o 1 for ATD aerosols in the RH

range from 50%–80% although no restructuring occurred for

SD and illite.

Fig. 3 CCNC-derived critical supersaturations as a function of the particle mobility diameter for dry generated clays (circle), desert dust (square)

and wet generated samples (cross). Constant k lines are shown for reference. Lines to illustrate hypothetical particles with k= 0.006 and k= 0.03

corresponding to mixed insoluble/soluble particles with an ammonium sulfate volume fraction of eAS = 0.01 and eAS = 0.05, respectively, are also

shown.

Fig. 4 Averaged k derived from CCN activity versus k derived from

growth factor. Grey area indicates �50% derivation from 1 : 1 line

(black).
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Within the error limits there is an agreement in the trend of

hygroscopicity between the HTDMA and the CCN data with

a sole outlying data point for wet generated ATD. The

HTDMA derived k values are, in general, lower than those

derived from CCNC data. Due to the detection limit of the

HTDMA this trend should not be quantitatively interpreted in

terms of the relative hygroscopicity of the different substances.

It should be noted that the uncertainty in the HTDMA limits

the ability to assess if the higher k values from the CCNC are

due to compounds with limited solubility.

The observation of montmorillonite and illite acting as

better CCN than kaolinite is in agreement with a previous

study33 and can be explained by the non-swelling nature of

kaolinite. In contrast to this study,33 which found a higher

water uptake for illite than for montmorillonite, we find

similar CCN activation for both clay types. In addition, we

find the highest water uptake for Na-montmorillonite in

comparison to the other montmorillonite and illite types.

The order of hygroscopicity may be related to the mineralogy

of the dusts; montmorillonite is a hydrate and illite contains

substituted (OH)2 and H2O groups making these species more

hygroscopic than kaolinite which has no ion substitutions.

Desert dusts were found to activate at lower supersaturations

and had higher GFs than pure clay samples. These findings

might be due to desert dusts being internally mixed, i.e. they

may contain impurities or small amounts of soluble material.

Among the desert dusts we find the highest water uptake for

SD followed by CD and ATD. The finding of SD being more

hygroscopic than ATD has also been observed in a recent

study,37 although in that study larger k values were determined

from HTDMA and CCNC data, with e.g. k B 0.050 for SD

and k B 0.030 for ATD for dry generated samples. This may

be partly due to the fact that in that study37 smaller particle

sizes were used. A small trend of increasing k with decreasing

size was also observed in our study.

Conclusions

Mineral dust accounts for a large mass fraction of the

tropospheric aerosol loading. This material is not homo-

geneous, with mineralogy and chemical composition

dependent on the source region. Of contemporary interest in

atmospheric science is water uptake by mineral dust aerosol as

it affects visibility and droplet formation, thereby impacting

global climate indirectly.

In this study the CCN activity and hygroscopicity of five

different clay and three desert dust aerosol samples were

investigated with a CCNC and a HTDMA, respectively. Dust

particles were generated by both wet nebulization and dry

dispersion. Depending on the dust generation method,

different hygroscopicities were found for the same dust species.

Specifically, wet nebulization of mineral dust particles results

in erroneously high hygroscopicity of particles due to

redistribution of soluble material. Hence, nebulized mineral

dust aerosols can not be considered representative of fresh

wind blow dust emissions.

All investigated dust samples were shown to be wettable

(k Z 0) but of limited hygroscopicity/CCN activity

(k r 0.02). The latter value corresponds to an equivalent

ammonium sulfate volume fraction of eAS = 0.034. All

investigated species have the potential to activate as CCN at

a supersaturation of 0.2% at a diameter of \200 nm

for Saharan dust or \400 nm diameter for kaolinite. The

hygroscopic growth at RHs below saturation was for all

samples small, with hygroscopicity parameters below k =

0.010. No differentiation between the samples was possible

within the sensitivity of the HTDMA in this regime.

The hygroscopicity of two of the desert dusts, ATD34,35 and

SD,34–36 has been investigated previously. In these studies a

similar uptake of water was found. The hygroscopicity of clay

samples was examined for bulk material33 which found a

similar relative hygroscopicity, with montmorillonite and illite

being more hygroscopic than kaolinite. Although there are

clear differences in hygroscopicity between different dusts the

CCNC derived hygroscopicity parameters were all in the range

k = 0.020 to 0.001. These results imply that the water uptake

of dust samples, and differences among them, are small when

comparing to values for processed atmospheric aerosols which

are typically on the order of 1 o k o 0.1.47 It should be noted

that only a small amount of soluble material may significantly

change the hygroscopicity to a larger extent than differences

due to mineralogy. Cloud processing or the uptake of

gas-phase nitric acid may increase the GF significantly, with

the latter having been observed in a study for ATD.34 It can be

assumed that atmospheric processing of fresh mineral dust

particles leading to the addition of more than B3% soluble

material will significantly enhance their hygroscopicity and

CCN activity.
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38 H. Köhler, Trans. Faraday Soc., 1936, 32, 1152.
39 M. D. Petters and S. M. Kreidenweis, Atmos. Chem. Phys., 2007, 7,

1961.
40 G. C. Roberts and A. Nenes, Aerosol Sci. Technol., 2005, 39, 206.
41 D. Rose, S. S. Gunthe, E. Mikhailov, G. P. Frank, U. Dusek,
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