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ABSTRACT: Unconventional mineral dust, such as fly ash, road dust, and
industrial dust, could significantly contribute to fine particulate matters; however,
their hygroscopicity remains largely unexplored. In this work, a vapor sorption
analyzer and a diffusion reflectance infrared Fourier transform spectroscopy
(DRIFTS) were used to examine hygroscopic properties of 11 unconventional
mineral dust samples as a function of relative humidity (RH) at 25 °C, including two
municipal waste fly ash, one oil fly ash, one road dust, and seven coal fly ash. Large
variations in hygroscopicity were observed for the 11 samples, and mass ratios of
adsorbed water to the dry samples at 90% RH were found to vary from 0.0003 to
0.7340, showing positive dependence on both water-soluble ion contents and BET
surface areas. In addition, hygroscopicity of the 11 unconventional mineral dust
samples examined could be well described by the Freundlich adsorption isotherm
model, with AF and BF parameters found to be in the range of 3.5 × 10−4−1.29 and
0.12−1.58, respectively. Our study would significantly improve our knowledge of
hygroscopicity properties of unconventional mineral dust.
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■ INTRODUCTION

Mineral dust is an important type of aerosol in the
troposphere, with an annual global flux of ∼2000 Tg yr.−1.1,2

It is conventionally believed that mineral dust has two major
sources, i.e., natural and anthropogenic windblown dust.3

However, recent studies have suggested that other sources
related to human activities, such as coal combustion and
industrial processes, could contribute to mineral dust in urban
areas and have been called anthropogenic fugitive, combustion,
and industrial dust (AFCID);4−9 hereinafter referred to as
unconventional mineral dust in our study.
With rapid urbanization and industrialization across the

globe, the emission of unconventional mineral dust may
increase in the future; however, its global fluxes and mass
loadings have not been widely considered in regional and
global models yet.10−13 Philip et al.12 estimated an increase of
2−16 μg m−3 (∼10%) in PM2.5 over the globe after
considering unconventional mineral dust emissions. A very
recent study14 revealed that up to 45 μg m−3 for PM10 in
eastern China during winter could be contributed by
unconventional mineral dust. Furthermore, Chen et al.9

suggested that unconventional mineral dust, such as road
dust, is a major source of urban PM2.5, accounting for 16−52%
of the urban PM2.5 emission.
Fly ash, a byproduct of combustion, is one of the most

abundant unconventional mineral dust with an estimated

annual emission of ∼300 Tg yr.−1 across the globe.15 A number
of studies suggested that fly ash could participate in
atmospheric processes and affect the atmospheric environ-
ment, climate, and the hydrological cycle.16−22 For example, fly
ash has been found to be an important source of iron, and
therefore, it may contribute to the sulfate formation and global
sulfur cycle via the transition metal ion catalysis path-
way.17,23,24 Moreover, as a source of bioavailable iron, fly ash
particles can deposit into open oceans through long-distance
transport processes, thus affecting the biogeochemical cycle
and carbon uptake, and enhancing the oceanic primary
productivity.18,25−27 Fly ash particles can also affect the Earth’s
radiative budget and climate by acting as cloud condensation
nuclei (CCN) or ice nuclei (IN) in the troposphere.19,21,28−31

In addition, it is suggested that fly ash particles have a negative
impact on human health, such as increasing the susceptibility
of the airways to bacterial infection and the risk of mortality
and respiratory diseases.32,33
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Hygroscopic properties determine the liquid water content
of aerosol particles under ambient conditions,34 thereby
affecting their optical properties, heterogeneous reactivity,
and dry and wet deposition. As reviewed by Tang et al.,35 a
number of studies investigated hygroscopic properties of
conventional mineral dust; in general, the hygroscopicity of
conventional mineral dust was found to be quite low, with
single hygroscopicity parameters (κ) < 0.01.35 However, to our
knowledge, only one previous study has investigated the water
uptake properties of unconventional mineral dust.36 Navea et
al.36 studied the water adsorption on four kinds of fly ash
samples using a quartz crystal microbalance (QCM) coupled
with an attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy, demonstrating that the water
uptake behaviors of different fly ashes were indeed different.
Specifically, it was found that the mass ratios of adsorbed water
to dry samples (mw/m0) at 60% relative humidity (RH) varied
from 2.23 to 15.34% for different fly ash. As a result, one can
conclude that hygroscopic properties of unconventional
mineral dust (including fly ash) have not been well
understood, especially at high RH.
In this work, two complementary techniques were used to

investigate water uptake properties of 11 unconventional
mineral dust, including seven coal fly ash, two municipal waste
fly ash, one oil fly ash, and one road dust. A vapor sorption
analyzer (VSA) and an in situ diffusion reflectance infrared
Fourier transform spectroscopy (DRIFTS) were employed to
measure the amounts of water adsorbed on these samples as a
function of RH at room temperature.

■ EXPERIMENTAL SECTION

Sample Characterization. The oil fly ash (OFA) was
collected from a heavy oil-fired boiler,37 and the remaining

samples were reference materials obtained commercially. Two
European municipal waste fly ash, including incineration ash
(BCR-176R) and fly ash (low level) (BCR-615), were
obtained from the European Commission Community Bureau
of Reference; three American coal fly ash (CFA-2689, CFA-
2690 and CFA-2691) were procured from the National
Institute of Standards and Technology. Among the four
Chinese coal fly ash, the GBW08401 sample was obtained
from the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, while GBW11128a,
GBW11129a, and GBW11131a samples were obtained from
the Test Center of China Coal Research Institute. The road
dust sample (UPM1648a) was provided by the National
Institute of Standards and Technology. All the samples were
used without further pretreatment.
Water-soluble inorganic ion contents were measured using

ion chromatography (Metrohm 761 Compact IC, Metrohm,
Herisau, Switzerland), and details can be found in our previous
work.38,39 The mass concentrations of five cations (Na+, NH4

+,
K+, Ca2+, and Mg2+) and six anions (F−, Cl−, Br−, NO2

−,
NO3

−, and SO4
2−) in the solutions were quantified with the

detection limits being ∼0.02 mg/L.
An accelerated surface area and porosimetry analyzer (ASAP

2020 PLUS, Micromeritics, Georgia, USA) was employed to
determine the Brunauer−Emmett−Teller (BET) surface areas.
The BET surface area of OFA could not be measured due to
the continuous evaporation of its volatile residues at the
degassing temperature (413 K). Further information related to
the BET analysis can be found elsewhere.40

Hygroscopicity Measurements. Water adsorption on
unconventional mineral dust samples was investigated using
two experimental approaches. An in situ DRIFTS was used to
detect the change of infrared spectra of sample particles in the

Table 1. Water-Soluble Inorganic Ion Contents (mg/g) and the BET Surface Areas (m2/g) for the 11 Samples Investigated in
this worka

sample Na+ NH4
+ K+ Ca2+ Mg2+

BCR-176R 27.13 ± 0.46 n.d. 28.36 ± 0.47 0.04 ± 0.01 72.07 ± 1.11
BCR-615 21.43 ± 1.40 0.37 ± 0.03 14.01 ± 0.90 0.17 ± 0.08 74.23 ± 4.73
OFA 43.42 ± 0.66 n.d. 5.10 ± 0.21 24.83 ± 2.65 2.55 ± 0.24
UPM1648a 39.18 ± 0.88 12.05 ± 0.36 7.16 ± 0.03 57.28 ± 8.52 7.09 ± 0.56
CFA-2689 0.09 ± 0.01 n.d. n.d. n.d. 8.78 ± 0.56
CFA-2690 0.11 ± 0.01 n.d. n.d. 0.41 ± 0.03 6.40 ± 0.20
CFA-2691 0.47 ± 0.01 n.d. n.d. 1.51 ± 0.09 73.15 ± 1.44
GBW08401 n.d. n.d. n.d. 0.16 ± 0.02 9.67 ± 0.66
GBW11128a n.d. n.d. n.d. n.d. 24.37 ± 0.24
GBW11129a n.d. n.d. n.d. n.d. 6.51 ± 0.65
GBW11131a n.d. n.d. n.d. n.d. 4.02 ± 0.03
sample F− Cl− NO3

− SO4
2− total BET

BCR-176R 1.24 ± 0.33 67.90 ± 1.81 n.d. 82.79 ± 2.53 279.53 ± 5.40 3.02 ± 0.05
BCR-615 0.52 ± 0.06 76.18 ± 4.58 n.d. 93.02 ± 5.28 279.92 ± 16.94 1.79 ± 0.03
OFA n.d. 25.62 ± 1.08 25.42 ± 5.11 117.23 ± 24.51 244.17 ± 34.46 -
UPM1648a n.d. 30.61 ± 5.39 30.59 ± 0.16 136.23 ± 10.36 320.19 ± 26.26 3.15 ± 0.03
CFA-2689 n.d. n.d. n.d. 6.85 ± 0.32 15.72 ± 0.83 0.40 ± 0.02
CFA-2690 n.d. n.d. n.d. 3.13 ± 0.09 10.06 ± 0.32 1.44 ± 0.05
CFA-2691 n.d. n.d. n.d. 15.98 ± 0.23 91.12 ± 1.33 0.63 ± 0.02
GBW08401 n.d. n.d. n.d. 3.39 ± 0.08 13.22 ± 0.75 1.59 ± 0.04
GBW11128a n.d. n.d. n.d. 40.91 ± 0.99 65.28 ± 0.74 1.61 ± 0.02
GBW11129a n.d. n.d. n.d. 3.35 ± 0.57 9.86 ± 1.22 0.58 ± 0.01
GBW11131a n.d. n.d. n.d. 3.55 ± 0.23 7.57 ± 0.23 0.53 ± 0.01

aNote: n.d. = not detected; BET surface area of OFA was not obtained due to continuous evaporation of its volatile residues at the degassing
temperature (413 K).
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range of 0−90% RH. Measurement procedures were detailed
in previous studies,41,42 and thus, only a brief description is
provided here. Infrared spectra of samples were recorded as a
function of RH at 25 °C, using a Fourier transformation
infrared spectrometer (Nicolet 6700, Thermo Nicolet Instru-
ment Corporation), equipped with an in situ diffuse reflection
chamber and a high-sensitivity mercury cadmium telluride
(MCT) detector cooled by liquid N2. The RH (0−90%) in the
chamber was controlled by adjusting the mixing ratio of dry
and humidified N2 flows, with an uncertainty of ±2% RH. The
total gas flow was set to 200 mL min−1, and the sample mass
for each measurement was typically around 10 mg. All the
spectra reported in this work were recorded at 4 cm−1

resolution by averaging 100 scans.
A vapor sorption analyzer (Q5000SA, TA instruments,

Delaware, USA) was used to measure the mass change of
samples as a function of RH (0−90%) at 25 °C. Experimental
details have been provided in our previous studies.42−45 Briefly,
a high-precision balance was employed to measure the sample
mass change at different RHs, with an absolute uncertainty of
<0.1 μg. In a typical experiment, the sample was first dried at
<1% RH; then, the RH was stepwise increased to 90% with an
interval of 10%; finally, the sample was dried at <1% RH again.
RH would not be changed to the next value until the mass
change of the sample was <0.05% in 30 min, when the sample
was considered to reach an equilibrium with water vapor. In
some experiments, we changed RH only after the change in
sample mass was <0.05% in 60 min (instead of 30 min for
most experiments), and no difference in measured mass
growth was observed between the two experimental con-
ditions. The dry mass of each sample used was usually around
1.0 mg. For each sample examined in this work, at least three
measurements were conducted, and the average mass changes
and standard deviations are reported.

■ RESULTS AND DISCUSSION
Sample Characterization. The water-soluble inorganic

ion contents (mg/g) of all the 11 samples studied in this work
are summarized in Table 1. For cations, Mg2+ was detected in
all the samples (2.55−74.23 mg/g), and the mass fractions of
Na+, K+, and Ca2+ were found to vary among the different
samples by four orders of magnitude; in addition, NH4

+ was
only detected in two samples (BCR-615 and UPM1648a). For
anions, SO4

2− was the major component for all the samples
(3.13−136.23 mg/g), and samples other than coal fly ash were
also found to contain Cl− (25.62−76.18 mg/g); nevertheless,
NO3

− was only detected in UPM1648a and OFA samples, and
Br− and NO2

− were always below the detection limits. The
total mass fractions of water-soluble inorganic ions showed
larger variations (7.57−320.19 mg/g) for the 11 samples
examined. Their BET surface areas were found to range from
0.40 ± 0.02 m2/g (CFA-2689) to 3.15 ± 0.03 m2/g
(UPM1648a), as summarized in Table 1.
Hygroscopic Properties. DRIFTS Spectra of Samples at

Different RHs. Figure 1 shows typical DRIFTS spectra for
BCR-176R at different RHs. The spectra for the other samples
can be found in Figures S1 and S2. As shown in Figure 1,
several IR peaks (3593, 3468, 3401, 3322, 1659, and 1628
cm−1) appeared with the increase in RH (spectrum at <1% RH
was used as the baseline), and their intensities increased with
RH. Similar observations were also reported by Navea et al.36

As suggested in previous studies,35,36,41,46−49 these peaks can
be attributed to the adsorbed water. The broad band in the

range of 3000−3800 cm−1 is assigned to O−H stretching
vibrational modes, including symmetric and asymmetric
stretching, and the two peaks at ∼1628 and ∼1659 cm−1 are
assigned to the bending mode of liquid water and microporous
amorphous ice, respectively.47 The broad peak in the range of
3000−3800 cm−1 was the most intense in the entire spectrum,
and thus the integrated areas of this characteristic peak were
calculated to represent the amount of water adsorbed at
different RHs. The results are summarized in Table S1,
showing that the amount of adsorbed water increased with RH.

Mass Hygroscopicity Growth. In order to precisely quantify
the mass change of adsorbed water at different RHs, mass
growth factors of unconventional mineral dust samples were
measured using a VSA. Figure 2 displays RH and normalized
sample mass (normalized to that at <1% RH) changes with
time for two typical measurement experiments. For example,
the normalized mass of BCR-176R increased with RH,
reaching 1.09, 1.33, and 1.63 at 70, 80, and 90% RH,
respectively. The mass ratios of adsorbed water to the dry
sample (mw/m0) as a function of RH for all samples are
summarized in Table S2.
To our knowledge, water adsorption on BCR-176R was

investigated by Navea et al.36 using a quartz crystal
microbalance (QCM) in the range of 0−61% RH at room
temperature. As shown in Figure 3, Navea et al.36 suggested
that the sample mass was increased by 5.3, 9.2, and 15.3% at
20, 40, and 60% RH, significantly higher than our results (0.7,
1.3, and 2.2% at 20, 40, and 60% RH). One reason is that the
underlying assumptions required to convert the QCM signals
to the relative change in sample mass may not always be
fulfilled, as discussed in a recent review paper.34 However,
when extrapolating to higher RH, the mass increase would be
32.4% at 80% RH and 66.2% at 90% RH, consistent with our
study (i.e., 32.7% at 80% RH and 63.0% at 90% RH,
respectively). Due to rare experimental reports about the water
adsorption on unconventional mineral dust, further inves-
tigations using similar or different techniques34 are highly
warranted and would be very valuable.
Several theories and models have been used to quantitatively

describe water adsorption and hygroscopic growth under
subsaturated conditions.35 As shown in Figure 4 and Figure S3,
we found that the Freundlich adsorption isotherm model could
fit our experimental data well, and R2 was found to be >0.88
for all the samples. The Freundlich adsorption isotherm model
can be expressed by the following equation:35,50

Figure 1. In situ DRIFTS spectra of BCR-176R (incineration ash) as
a function of RH (<1, 20, 40, 60, 78, and 89%) at 25 °C.
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m
m

A RHw

0
F

BF= •
(1)

where mw and m0 are the mass of adsorbed water and dry
samples, and AF and BF are empirical Freundlich parameters
that are related to adsorption capacity and strength,
respectively.

Table 2 summarizes AF and BF obtained in this work for all
the 11 samples investigated. The values of AF varied by more

than 4 orders of magnitude, ranging from <0.1% (GBW11129a
and GBW11131a) to ∼1.29 (BCR-176R), while the variation
of BF was much smaller, ranging from ∼0.12 (UPM1648a) to
∼1.58 (CFA-2691). In addition, samples with higher mw/m0 at

Figure 2. RH (black curve, left y axis) and normalized sample mass (blue curve, right y axis) as a function of time in two typical mass hygroscopic
growth measurement experiments at 25 °C: (a) BCR-176R (incineration ash) and (b) CFA-2690 (coal fly ash).

Figure 3. Comparison of mass ratios of adsorbed water to dry samples
(mw/m0) for BCR-176R obtained by Navea et al.36 and in our work.

Figure 4.Mass ratios of adsorbed water to dry samples (mw/m0) as a function of RH (0−90%) at 25 °C for (a) BCR-176R and (b) CFA-2690. The
experimental data were fitted with the Freundlich adsorption isotherm model (solid curves).

Table 2. Mass Ratio of Adsorbed Water to the Dry Sample
(mw/m0) at 90% RH and AF and BF Derived Using the
Freundlich Adsorption Isotherm Model for the 11 Samples
Investigateda

sample mw/m0 (× 10−3) AF BF

BCR-176R 629.6 ± 1.9 1.29 ± 0.08 0.15 ± 0.01
BCR-615 734.0 ± 3.0 1.09 ± 0.07 0.25 ± 0.02
OFA 272.1 ± 3.0 0.34 ± 0.02 0.39 ± 0.03
UPM1648a 183.5 ± 0.1 0.42 ± 0.07 0.12 ± 0.02
CFA-2689 1.5 ± 0.1 (1.50 ± 0.05) × 10−3 1.37 ± 0.10
CFA-2690 1.2 ± 0.1 (1.36 ± 0.02) × 10−3 1.21 ± 0.04
CFA-2691 1.0 ± 0.1 (0.99 ± 0.05) × 10−3 1.58 ± 0.18
GBW08401 3.0 ± 0.1 (3.12 ± 0.08) × 10−3 1.06 ± 0.06
GBW11128a 2.7 ± 0.1 (2.76 ± 0.30) × 10−3 0.61 ± 0.11
GBW11129a 0.6 ± 0.1 (0.55 ± 0.03) × 10−3 1.27 ± 0.14
GBW11131a 0.3 ± 0.1 (0.35 ± 0.01) × 10−3 1.21 ± 0.10

aAll the errors provided are standard deviations.
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90% RH showed higher AF values, indicating stronger water
adsorption capacity. For example, AF was determined to be
1.29 for BCR-176R (mw/m0 = 0.63 at 90% RH), ∼3 orders of
magnitude larger than that (3.5 × 10−4) for GBW11131a (mw/
m0 = 0.0003 at 90% RH).
As mentioned above, two experimental techniques were

employed to explore the water adsorption on unconventional
mineral dust. Thus, we attempted to compare our DRIFTS
results to the VSA results, although the integrated areas of IR
spectra are only semiquantitative representations of the
amounts of adsorbed water. As shown in Figure S4, good
linear relationships (R2 higher than 0.96) between integrated
areas of IR peaks and mw/m0 were found for most samples;
however, exceptions were also observed for BCR-615, CFA-
2689, and CFA-2690 (R2 in range of 0.74−0.85). In our
previous study,42 DRIFTS and VSA were also used to explore
the hygroscopicity of pollen species, and good linear
relationships were found between the two measurement
techniques. To summarize, although good correlations
between DRIFTS results and VSA results have been frequently
observed, there are also exceptions. This is very likely because
various factors, e.g., size of particles under investigation and
how particles are packed in the sample cell, would impact the
response of DRIFTS signals to the amount of adsorbed water.
Table 2 reveals that water uptake ability at 90% RH,

represented by mw/m0, can be generally described by the
following order: municipal waste fly ash > oil fly ash > road
dust > coal fly ash: mw/m0 at 90% RH were ∼0.63 and ∼0.73
for BCR-176R and BCR-615, followed by OFA (∼0.27) and
UPM1648a (∼0.18). Water uptake of coal fly ash was very
limited, and their mw/m0 at 90% RH were all found to be
<0.01; in other words, the mass increase of coal fly ash samples
at 90% RH, relative to that at <1% RH, did not exceed 1%.

■ DISCUSSIONS

The 11 unconventional mineral dust samples studied in this
work came from different sources and showed different
hygroscopic properties. The water adsorption and hygro-
scopicity of conventional mineral dust samples were
summarized and discussed previously.35,39 For example,
Chen et al.39 explored hygroscopic properties of 21 mineral
dust samples, and their mw/m0 at 90% RH ranged from 0.0011

to 0.3080. Compared to conventional mineral dust, larger
variations in hygroscopic properties were found in the present
work for unconventional mineral dust. Moreover, water
adsorption capacities of municipal waste fly ash were obviously
larger than other mineral dust; however, this conclusion is
rather tentative due to the very limited numbers of samples
examined.
In addition to hygroscopic properties, we also measured

water-soluble inorganic ion compositions for the 11 samples.
Water-soluble ion contents were suggested as a key factor to
affect water uptake properties of dust samples.38,51 For
example, Gaston et al.51 used water-soluble ion contents as
input in an aerosol thermodynamic model (ISORROPIA-II) to
predict hygroscopicity of playa dust samples and found that the
predicted single hygroscopicity parameter (κ) matched
reasonably well with the measured κ values for most of the
samples examined. Figure 5a shows the dependence of mw/m0
at 90% RH on soluble ion contents for the 11 samples
examined in our work, and it can be seen that samples with
larger soluble ion contents in general exhibited larger capacities
to adsorb water. For example, water-soluble ion contents were
in the range of 8−91 mg/g for the seven coal fly ash samples
investigated, much lower than the other four unconventional
mineral dust samples (244−320 mg/g), and accordingly, their
hygroscopicity, represented by mw/m0 at 90% RH, were
significantly lower. However, a specific relationship is not
apparent, indicating that other factors also affected their water
uptake ability. In our recent study,39 the water uptake
capacities were found to fairly increase with BET surface
area for mineral dust samples. Figure 5b shows the dependence
of mw/m0 at 90% RH on BET surface area for the
unconventional mineral dust samples examined in the present
study. It appears that mw/m0 at 90% RH also increased with
BET surface area. In addition, previous studies39,49,52 suggested
that particle size, surface functional groups, and mineralogy
could also affect the hygroscopicity of mineral dust.

■ CONCLUSIONS

Unconventional mineral dusts, e.g., coal fly ash, oil fly ash, and
road dust, have been identified as an important contributor to
atmospheric particulate matters. However, their hygroscopic
properties are still poorly understood. In this work, we

Figure 5. Dependence of mass ratios of adsorbed water to dry samples (mw/m0) at 90% RH on (a) water-soluble ion contents and (b) BET surface
areas for the 11 unconventional mineral dust samples investigated in this study.
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employed a vapor sorption analyzer (VSA) and an in situ
diffusion reflectance infrared Fourier transform spectroscopy
(DRIFTS) to investigate water uptake by 11 unconventional
mineral dust samples, including two municipal waste fly ash,
one oil fly ash, one road dust, and seven coal fly ash samples.
DRIFTS measurements showed that several IR peaks, which

could be assigned to adsorbed water, appeared when RH was
increased from >1%, and their intensities increased with
increasing RH. Furthermore, large variations in hygroscopicity
for different samples, and the mass ratios of adsorbed water to
dry samples (mw/m0) at 90% RH, varied between 0.0003
(GBW11131a) and 0.7340 (BCR-615). For the 11 samples
examined in our work, mw/m0 at 90% RH were found to be
largest for the two municipal waste fly ash samples and smallest
for the seven coal fly ash samples; compared to conventional
mineral dust, hygroscopicity is similar for coal fly ash but
higher for oil fly ash, municipal waste fly ash, and road dust.
We further found that the Freundlich adsorption isotherm
model could well approximate the amount of adsorbed water
as a function of RH for the 11 unconventional mineral dust
samples, and AF and BF values were derived to be in the range
of 3.5 × 10−4−1.29 and 0.12−1.58, respectively. In addition,
mw/m0 at 90% RH appeared to be positively correlated with
water-soluble ion contents and BET surface areas of these
samples. Our results highlight that the hygroscopicity of
unconventional mineral dust, being different from conven-
tional mineral dust, shows large variations and should be taken
into account when assessing their environmental and climatic
effects.
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