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Abstract

The heterogeneous chemistry of individual dust particles from four different dust source regions is investigated on a

particle-by-particle basis using state-of-the-art scanning electron microscopy techniques including computer-controlled

Scanning Electron Microscopy/Computer-Controlled energy dispersive X-ray (CCSEM/EDX) analysis. Morphology

and compositional changes of individual particles as they react with nitric acid are observed. Clear differences in the

reactivity of mineral dusts from these four different dust regions with nitric acid could be observed. Mineral dust from

source regions containing high levels of calcium, such as those found in parts of China and Saudi Arabia, are found to

react to the greatest extent. Calcium containing minerals, such as calcite (CaCO3) and dolomite (CaMg(CO3)2), react to

form nitrate salts whereas other calcium containing minerals such as gypsum (CaSO4d2H2O) do not react. The

importance of particle chemical composition and mineralogy in the heterogeneous chemistry of mineral dust aerosol is

definitively borne out in this study of individual dust particles.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Mineral dust aerosol makes up a large fraction of the

tropospheric aerosol mass and therefore impacts the

Earth’s climate and the atmospheric environment in

several ways. First, mineral dust aerosol influences

climate through direct and indirect climate forcing by
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scattering and absorbing incoming solar radiation and

by nucleating clouds (Tegen, 2003; Buseck and Pósfai,

1999). Second, mineral dust aerosol influences biogeo-

chemical cycles as iron-containing minerals provide an

important nutrient for ocean life (Zhu et al., 1993).

Third, mineral dust in the respirable size range is

deleterious to human health (Guthrie, Jr. and Mossman,

1993). Finally, mineral dust aerosol influences the

chemistry of the Earth’s atmosphere by reducing

photolysis rates of gas-phase species due to the fact

that dust can decrease the incident solar flux and

through heterogeneous chemistry (Bian and Zender,

2003; Tang et al., 2004).
d.
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Heterogeneous chemistry of mineral dust is not only

intimately linked to the impact that dust has on the gas-

phase composition of the atmosphere it can also

influence how mineral dust aerosol impacts climate,

biogeochemical cycles and health. For example, as

mineral dust reacts in the atmosphere the physicochem-

ical properties of the particles change including the

optical properties of the particles and their effectiveness

to serve as cloud condensation nuclei (Martin, 2000).

This is important as there is increasing evidence that

mineral dust aerosol impacts cloud formation, cloud

properties and precipitation (Levin et al., 1996; Rosen-

feld et al., 2001; Yin et al., 2002; Rudich et al., 2002;

Sassen et al., 2003; Toon, 2003; Mahowald and Kiehl,

2003; Rudich et al., 2003). In addition, the bioavail-

ability of iron in iron-containing dust particles may

differ after the particles react with trace gases, especially

acidic gases, in the atmosphere (Meskhidze et al., 2003).

Finally, as particles age in the atmosphere they can

become coated with carcinogens from the uptake of

compounds such as polycyclic aromatic hydrocarbons

(Garc-on et al., 2000). Once coated, these particles are

potentially even more of a health concern. Thus, an

increased understanding of the chemistry of mineral dust

is warranted.

Although mineral dust aerosol is often discussed as a

single entity aerosol, similar to sea salt, it should be

immediately obvious that this is a poor representation of

the rich mineralogy and varying chemical composition
Fig. 1. The world map identifies the locations of the different mine

compositions of these four samples: (a) Saharan Sand; (b) Coastal Sa

these samples were exposed to nitric acid vapor, a trace gas in the atm

and EDX (see text for further details). Digital pictures of the differen
of the dust. Not only is the mineralogy of the dust rich it

is also source specific (Claquin et al., 1999). Thus, when

atmospheric chemistry or global climate models repre-

sent mineral dust aerosol as a size distribution with a

single kinetic parameter for reaction with a particular

trace gas (Dentener et al., 1996; Bian and Zender, 2003;

Liao et al., 2003; Martin et al., 2003; Bauer et al., 2004)

or a single refractive index to model climate forcing

(Dickerson et al., 1997), the results of these calculations

can be called into question.

Here we present a case study of the heterogeneous

chemistry of mineral dust with nitric acid, an important

trace atmospheric gas. The composition and corre-

sponding chemistry of individual particles from four

different dust sources including China Loess from Asia,

Saharan Sand from Africa and coastal and inland dust

from Saudi Arabia have been investigated. The map

shown in Fig. 1 identifies the source regions of these

different dust samples. Several of these regions have

been identified as being in the ‘‘dust belt’’. The ‘‘dust

belt’’ consists of the largest and most persistent sources

of dust in the world (Prospero et al., 2002) Digital

images of the powdered samples are also shown in

Fig. 1. The chemistry of individual dust particles was

analyzed with Scanning Electron Microscopy (SEM)

and Energy Dispersive X-ray (EDX) analysis. As

discussed in detail below, the data show that the

reactivity of nitric acid with mineral dusts is dust source

dependent because of the varying mineralogy of the
ral dust sources used in this study. Table 1 lists the chemical

udi Sand; (c) Inland Saudi Sand; and (d) China Loess. Each of

osphere, and the different reactivities were followed with SEM

t mineral dusts from each source region are also shown.
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different dust sources. We show that calcium-containing

carbonate particles, including calcite and dolomite, react

to the greatest extent with nitric acid to form nitrate

salts. These particles show unique morphological

changes upon reaction and a change in hygroscopicity

of the particle after reaction. Reactions of these particles

are not surface limited and continued consumption of

the available carbonate is observed (Krueger et al.,

2003a,b). As a result, calcium-containing carbonate

particles are converted into aqueous droplets of nitrate

salts following the reaction. Other calcium-containing

particles such as gypsum (CaSO4 � 2H2O) are not

observed to be reactive. Quartz and aluminum silicate

clays, a large component of the mineral dust, appear less

reactive, at least with respect to bulk reactivity of the

particle. Importantly, the results of this study indicate

substantial differences in individual particle reactivity

and therefore clearly show the need to include dust

mineralogy in atmospheric chemistry and climate

models.
2. Experimental methods

To obtain particles of atmospherically relevant sizes,

the samples of sand from different source regions were

first sieved to o40 mm particle sizes and then dispersed

onto TEM grids for analysis and chemical processing.

TEM grids, coated with a thin (�50 nm) carbon film,

were purchased from Ted Pella, Inc. (Carbon Type-B on

Au 200 grid) and used as substrates in this work. Once

the particles were dispersed onto the grids, the larger

particles and particles that poorly adhered to the grid

were mechanically removed using compressed air. The

mean diameter of the deposited particles was in the

order of �0.7mm. The particle density was

5000–10,000 particlesmm�2 of the substrate area. The

separation distance between single particles was typi-

cally �1–5 mm.

A FEI XL30 digital field emission gun Environmental

Scanning Electron Microscope (ESEM) was used in this

work. The EDX spectrometer is an EDAX PV7761/54

ME spectrometer with a Si(Li) detector of an active area

of 30mm and ATW2 window, which allows X-ray

detection from elements higher than beryllium (Z44).

The system is equipped with ‘‘Genesis’’ hardware and

software (EDAX, Inc) for computer-controlled SEM/

EDX particle analysis. Using the CCSEM/EDX setup, a

matrix of fields-of-view is set over the sample area, then

the area is automatically inspected on a field-by-field

basis. In each field-of-view particles are recognized by an

increase of the detector signal above a pre-selected

threshold level. After recognizing the particles in a field-

of-view, the program acquires an X-ray spectrum from

each detected particle. In this work, a magnification of

4000� was used. Particles were imaged by acquiring the
mixed signal of backscattered and transmitted electrons.

Features with equivalent circle diameter larger than

0.2mm were considered as particles by the software. The

X-ray spectra were acquired for 5 s of clock time, at a

beam current of 400–500 pA and an accelerating voltage

of 20 kV. The relative dead times of the EDX spectro-

meter did not exceed 30%.

All samples were initially analyzed using SEM/EDX

and CCSEM/EDX prior to exposure to nitric acid

vapor. The samples were then transferred from the

microscope to a flow reactor where they were exposed to

nitric acid vapor. After the exposure, the samples were

transferred back to the microscope where the same

individual particles were analyzed again in order to

detect consequential changes in their morphology and

chemical composition.

Particles were exposed to nitric acid vapor in a flow

reactor that has been described in detail elsewhere

(Krueger et al., 2003b). The exposure conditions used in

this work were 38� 4% RH, pHNO3
=1572mTorr

(4.6� 1011molecules cm�3), with dry nitrogen as a

carrier gas. Total pressure in the reactor was set to

8072Torr. Each type of the dust was exposed for 3 h.

The partial pressure of nitric acid used in this study is

equivalent to 20 ppb relative to atmospheric pressure

which is adequate to level 10–20 ppb of nitric acid

reported in polluted environments (Hering et al., 1988).
3. Results and discussion

3.1. Average elemental composition of different dust

source regions determined from single particle analysis

Mineral dust samples from four different desert

regions of the world were examined in this study. Fig.

1 displays the source regions of these samples along with

digital images of the corresponding bulk samples. Even

visual comparison of the dust color in the four images

indicates a different mineralogy makeup for each of the

samples. Since mineral dust entrained in the atmosphere

is typically in the micron size range, the dust samples

used in our study were purposely prepared to remove the

larger particles, as described above. Thus, the mineral

composition of these samples may not be identical to

composition of the bulk dust from the specific region but

may be representative of the mineral dust aerosol from

these sources.

Computer-controlled analysis was used to determine

the elemental composition of individual mineral dust

particles. The average elemental composition of the dust

samples determined from the analysis of thousands

(1000–2000) of single particles is presented in Table 1.

The compositions are represented as atomic percents of

the following crustal elements Si, Al, Mg, Ca, Na and

Fe. The data in Table 1 are listed as both average
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Table 1

Average chemical composition of mineral dust particles from four source regions

Atomic percent %Si %Al %Mg %Ca %Na %Fe %K

Mineral dust

(a) Saharan 46 17 6 17 2 7 3

(b) Coastal Saudi 69 15 3 2 2 5 2

(c) Inland Saudi 53 22 7 3 2 9 3

(d) China Loess 31 7 13 39 4 3 1

Mineral dust

Atomic fraction relative to Si Si:Si Al:Si Mg:Si Ca:Si Na:Si Fe:Si K:Si

(a) Saharan 1 0.37 0.12 0.37 0.05 0.15 0.07

(b) Coastal Saudi 1 0.22 0.04 0.03 0.02 0.07 0.02

(c) Inland Saudi 1 0.41 0.14 0.06 0.03 0.17 0.05

(d) China Loess 1 0.23 0.42 1.25 0.14 0.10 0.04
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composition in atomic percent and atomic fraction

relative to Si. The crustal elements Si, Al, Mg, Ca, Na

and Fe are all present in each sample, however, they are

found in different proportions. Smaller amounts, p1%,

of other elements such as V, K and Ti were also

observed but are not listed in Table 1 and is the reason

why the percentages do not total to 100 in Table 1.

As can be seen from the data in Table 1, the

compositions of the mineral dusts from the four regions

are distinctly different. For example, the data in Table 1

show that mineral dust from the Sahara desert contains

the largest amount of Si and very little Ca. The China

Loess sample contains less Si and greater amounts of Ca

compared to the Sahara dust. Both of these dusts contain

approximately similar amounts of Al. The Ca compo-

nent of both dust sources is determined to be mostly

from carbonate minerals including calcite and dolomite.

The results reported here are in reasonable agreement

with what has been reported in the literature for these

various dust source regions (Aba-Husayn and Sayegh,

1977; Gallet et al., 1996; Nishikawa et al., 2000; Goudie

and Middleton, 2001; Eltayeb et al., 2001; Falkovich et

al., 2001; Caquineau et al., 2002; Formenti et al., 2003).

The inland dust from Saudi Arabia has the greatest Fe

content which is the reason why the dust has a reddish

hue in the digital image shown in Fig. 1. The coastal dust

from Saudi Arabia has somewhat unique mineralogy in

that it contains the largest components of Ca, Mg and

Na relative to the other sources. This is in part due to

the fact that there may be some sea salt mixed in with

the dust due to its source location close to the Red Sea.

As will be shown in the next section, the Ca component

of the coastal dust from Saudi Arabia contains a large

component of calcite due to natural sedimentation of

carbonate concentrations in this region (El-Sayed et al.,

2002) as well as gypsum, a sulfate mineral (Ca-

SO4 � 2H2O). These two calcium-containing minerals,
calcite and gypsum, have very different reactivity toward

nitric acid vapor.
3.2. Reactivity of individual mineral dust particles with

nitric acid

Examples of the reactivity of individual dust particles

from the China Loess sample are shown in Figs. 2 and 3.

Each of these figures shows SEM images before and

after reaction with nitric acid along with an EDX

spectrum identifying the chemical nature of the labeled

particles. The results show that carbonate-containing

minerals, calcite in Fig. 2 (particle labeled b) and

dolomite in Fig. 3 (particle labeled a), show unique

morphology changes upon reaction with nitric acid.

Although there are many fewer calcium-carbonate

containing particles in the Sahara dust sample, the

particles identified as calcite show identical morphology

changes as that seen in the China Loess sample. These

morphology changes have been observed previously for

commercial calcite samples and are due to the formation

of the calcium nitrate product, according to the bulk

reaction, CaCO3þ2HNO3 ! CaðNO3Þ2þCO2þH2O:
The nitrate product is very hygroscopic and undergoes

deliquescence at low relative humidity �10% RH 295K

(Tang and Fung, 1997; Al-Abadleh et al., 2003). Once

calcium nitrate is deliquesced it retains its liquid,

droplet-like shape even at the high vacuum of the

SEM chamber and is the reason for the observed

morphology changes. The resultant aqueous layer allows

for continued reactivity of the carbonate particle with-

out surface saturation and provides unrestricted trans-

port of reactant (HNO3) and product (CO2) molecules in

and out of this layer. Thus the bulk of the carbonate

particle is available for reaction, making the reaction of

nitric acid and calcium carbonate particle an important



ARTICLE IN PRESS

Fig. 3. (a–c) SEM images of individual particles of China Loess are shown before and after exposure to nitric acid vapor at 38% RH.

The EDX spectra for several individual particles (labeled a, b and c) prior to nitric acid exposure are also shown. The particle labeled a

with high levels of Ca and Mg is identified as dolomite, CaMg(CO3)2. This particle shows unique morphological changes after reaction

with nitric acid consistent with the formation of a hygroscopic nitrate salt. The other particles identified as aluminum silicates (b and c)

show no change in morphology upon exposure to nitric acid. (Note: Trace amounts of Cu and Au in the EDX spectra are due to

background signals from the sample holder and grid.)

Fig. 2. SEM images of individual particles of China Loess are shown before and after exposure to nitric acid vapor at 38% RH. The

EDX spectra for several individual particles (labeled a, b and c) prior to nitric acid exposure are also shown. Particles identified as an

aluminum silicate clay (particle a) and quartz (particle c) show no change in morphology upon exposure to nitric acid. The particle

labeled b with high levels of Ca is identified as CaCO3. This particle shows unique morphological changes after reaction with nitric acid

due to the formation of Ca(NO3)2, a hygroscopic salt. (Note: Trace amounts of Cu and Au in the EDX spectra are due to background

signals from the sample holder and grid.)

B.J. Krueger et al. / Atmospheric Environment 38 (2004) 6253–6261 6257
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atmospheric chemical process (Tang et al., 2004; Song

and Carmichael, 2001).

The other particles seen in Figs. 2 and 3 are mainly

quartz and aluminum silicate clays. These particles do

not show the same type of reactivity as is seen for

carbonate particles. This suggests that either these

particles are not reactive toward nitric acid or the

reaction is surface limited and therefore not detected

with the bulk-sensitive techniques used in this study.

The two different dust samples from Saudi Arabia show

very different chemical composition and mineralogy with

respect to the other dust samples and each other. As noted

above, the inland Saudi Arabian dust shows three times

the amount of Fe as the coastal dust whereas the coastal

dust shows much larger amounts of Ca, Mg and Na. The

coastal Saudi Arabian dust is extremely interesting from

the perspective that there is a large component of the dust
Fig. 4. SEM image and elemental mapping of individual calcium-conta

to and after exposure to nitric acid at 38% RH. Five elemental maps a

and b are identified as calcium sulfate, gypsum. Particles labeled c an

also some Si and Mg in the particle labeled c indicating this particle
that contains calcium and thus many particles have the

potential to be very reactive with respect to nitric acid.

However, because of differences in the mineralogy, not all

of the calcium-containing particles react similarly. The

SEM/EDX data in Fig. 4 demonstrates this point. Fig. 4

shows an SEM image and five elemental maps (Ca, Mg, Si,

N and S) of different particles from the coastal Saudi

Arabian dust sample. Each of these particles contains high

levels of calcium. Two of the particles also contain large

amounts of sulfur. The particles that contain sulfur

(particles labeled a and b) are associated with gypsum.

The two other particles (particles labeled c and d) do not

contain significant amounts of sulfur and therefore are

carbonate particles. The elemental maps show some

magnesium and silicon are observed in these particles as

well. Nitrogen is not observed in any of the particles prior

to exposure to nitric acid vapor.
ining particles (labeled a–d) of coastal Saudi Arabian dust prior

re shown; these include Ca, Mg, S, N and Si. Particles labeled a

d d are identified primarily as CaCO3, calcite, although there is

is a mineral aggregate.
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The SEM/EDX data of these particles after reaction

with nitric acid are also shown in Fig. 4. Several

important conclusions can be drawn from the data

shown in Fig. 4. It is evident from the SEM image

that calcium particles that also contain sulfur do not

change morphology upon reaction. The nitrogen content

of the calcium sulfate particles also does not increase

upon reaction indicating that these particles are not

reactive towards nitric acid whereas the carbonate

particles increase in nitrogen content. These results

are consistent with the thermochemistry of these

reactions. For the reaction, CaCO3ðsÞ þ 2HNO3ðgÞ !

CaðNO3Þ2ðsÞ þ CO2ðgÞ þH2OðlÞ; DG is negative and

equal to �98.2 kJmol�1 whereas for the reaction,

CaSO4ðsÞ þ 2HNO3ðgÞ ! CaðNO3Þ2ðsÞ þH2SO4ðlÞ; DG

is positive and equal to +36.2 kJmol�1. The Ca(NO3)2
solid then undergoes deliquescence at the relative

humidities used in this study.

The elemental maps also show that some of these

particles are mineral aggregates and contain other

minerals as well. For example, one of the particles (the

particle labeled c) contains a region with silicon but no

calcium. After reaction with nitric acid, it can be seen

that the reacted particle has little nitrogen content in the

region that contains silicon whereas the rest of the

particle does contain nitrogen. The data also show that

the silicon portion of the particle becomes wetted and

entrapped by the calcium nitrate solution. It is

important to note that only techniques that incorporate
Fig. 5. Ternary plots of individual particles from coastal Saudi sand

exposure to nitric acid vapor at 38% RH: (a) Ca/S/O ternary plot and

the eye and represents particles that contain 15% sulfur, as there appea

oxygen content, for particles that contain o15% sulfur compared to
imaging and chemical analysis such as the one used here

can get at the detailed information on particle hetero-

geneity and reactivity demonstrated in this study.

Since these experiments were run with computer-

controlled analysis, a statistical number of particles can

be examined in ternary plots. The CCSEM/EDX results

of particles containing 410% Ca before and after

reaction are shown in ternary plots (a) Ca/S/O and (b)

Ca/N/O in Fig. 5. In the ternary plots, the compositions

are normalized such that the three elements specified

total 100%. In Fig. 5a, the Ca/S/O plots show that

particles containing o15% sulfur have a clear change in

composition, with increasing oxygen content, compared

to particles containing 415% sulfur. This is consistent

with results reported above, i.e. calcium sulfate particles

are not very reactive whereas calcium-containing carbo-

nate particles are. As calcium carbonate particles react

to form nitrate, the oxygen content doubles. This

accounts for the shift in the ternary plots to higher

concentrations of oxygen for particles with a sulfur

content below 15%. The average oxygen content for

particles with a sulfur content o15% increases by 10%

for all the particles whereas the average oxygen content

stays nearly constant for particles with a sulfur content

415%. In Fig. 5b, the C/N/O ternary plots show that

there is little nitrogen content in the particles before

reaction. The average nitrogen content increases by a

factor of 3 after reaction with nitric acid. The oxygen

content also increases.
. Particles that contain 410% Ca are shown before and after

(b) Ca/N/O ternary plot. The line drawn through (a) is to guide

rs to be a clear change in composition, with respect to increasing

particles containing more than 15% sulfur.
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4. Conclusions and atmospheric implications

In this study, using individual particle analysis that

allows for imaging and chemical analysis, we have

shown that dust particle reactivity depends on the

mineralogy of individual particles. The carbonate

component of the dust is particularly reactive. In terms

of the percentage of reactive particles, the two most

reactive dust sources in this study are China Loess and

coastal Saudi Arabia sand. This is because a large

number of the calcium particles are associated with

carbonate minerals. In the case of the coastal sand from

Saudi Arabia, some of the calcium-containing particles

are sulfate particles (e.g. gypsum). Gypsum is found to

be unreactive towards nitric acid at 38% RH. From the

elemental analysis, it is estimated that approximately

25% of the calcium-containing particles are gypsum.

Based on the results reported in this study, it is clear that

chemical composition and mineralogy should be in-

cluded in atmospheric chemistry models that include

heterogeneous chemistry because reaction on mineral

dust aerosol would be poorly represented by a single

kinetic parameter.

Although the need to have a detailed assessment of

the mineral dust composition and its mineralogy in

atmospheric models has been acknowledged (Sokolik

et al., 2001) and discussed (Usher et al., 2003), this has

been largely ignored in atmospheric chemistry models.

As a first attempt at this, a percentage of particles with

different reactivities may be considered. In particular, it

is shown here that carbonate-containing minerals should

be explicitly considered in the models because of their

unique reactivity at least with respect to nitric acid in the

atmosphere. These particles are an effective sink of nitric

acid and their reactions with nitric acid are not surface

limited and involve entire particle. The conversion of

calcium carbonate to calcium nitrate may be a chemical

marker for heterogeneous chemistry. Due to the

formation of the deliquesced nitrate product in the aged

particles, the uptake of nitric acid and other gas-phase

pollutants (e.g. SO2, NOy HOx, O3, organics, etc) may

perhaps be enhanced by orders of magnitude. In turn,

aqueous chemistry in the deliquescent coating will take

place, e.g. uptake of SO2 into particle droplets followed

by its oxidation to sulfate. In addition, optical properties

and the ability to serve as an effective CCN will be also

greatly enhanced in the aged carbonate particles.
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