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Mineral dust, soil, and sea salt aerosols are among the most abundant primary inorganic aerosols in the
atmosphere, and their hygroscopicity affects the hydrological cycle and global climate. We investigated
the hygroscopic behaviors of six Na- and K-containing salts commonly found in those primary organic
aerosols. Their hygroscopic growths as a function of relative humidity (RH) agree well with thermody-
namic model prediction. Temperature dependence of deliquescence RH (DRH) values for five of those
salts was also investigated, which are comparable to those in literature within 1%-2% RH, most showing
negative dependence on temperature. Hygroscopic growth curves of real-world soil and sea salt samples
were also measured. The hygroscopic growths of two more-hydroscopic saline soil samples and of sea
salt can be predicted by the thermodynamic model based on the measured water-soluble ionic composi-
tion. The substantial amounts of water-soluble ions, including Na* and K*, in saline soil samples imply
that even nascent saline soil samples are quite hygroscopic at high-RH (>80%) conditions. For three less-
hygroscopic dust samples, however, measurements showed higher water uptake ability than that pre-
dicted by the thermodynamic model. The small amount of water taken up by less-hygroscopic dust sam-
ples suggests that dust particles might contain thin layers of water even to very low RH. The results of
this study provide a comprehensive characterization of the hygroscopicity of Na- and K-containing salts

as related to their roles in the hygroscopic behaviors of saline mineral dusts and sea salt aerosols.

© 2020 Published by Elsevier B.V. on behalf of The Research Center for Eco-Environmental Sciences,

Chinese Academy of Sciences.

Introduction

Mineral dust and sea salt aerosols are among the most abun-
dant primary inorganic aerosols in the atmosphere (ODowd et al.,
1997; Jaegle et al., 2011; Tang et al., 2016, 2017; Wang et al., 2017;
Zieger et al., 2017; Ibrahim et al., 2018). Physicochemical prop-
erties such as hygroscopicity of these types of primary inorganic
aerosols have strong influence on hydrological cycle and global
climate (Tang et al., 2019a), because those aerosols can serve as
cloud condensation nuclei (CCN) or ice-nucleating particles (INP)
(Connolly et al., 2009; Kumar et al., 2011; Prather et al.,, 2013;
Karydis et al., 2017). Although most freshly emitted mineral dusts
are considered as non-hygroscopic (Sullivan et al., 2009), a partic-
ular type, saline mineral dusts that contain appreciable amounts
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of soluble ions, can be hygroscopic (Koehler et al., 2007). On the
other extreme, sea salt aerosols are highly hygroscopic because
the dominating components are highly soluble electrolytes such
as chloride (CI-, >50% by mass) and sodium (Na*, >30% by mass)
ions. Saline mineral dusts also contain substantial amounts of
soluble electrolytes such as Na*, potassium (K*), and magnesium
(Mg2*). We have recently investigated the hygroscopic behaviors
of calcium- and magnesium-containing salts (Guo et al., 2019). To
better understand the hygroscopicity of saline mineral dusts and
sea salt aerosols, it is essential to systematically investigate the
hygroscopic behaviors of alkaline salts such as those of Na- and
K-containing ones.

Many studies have been conducted for the hygroscopic behav-
iors of NaCl (Cohen et al., 1987; Richardson and Snyder, 1994;
Cziczo et al, 1997; Lee and Hsu, 2000; Liu et al, 2008; Ahn
et al,, 2010; Schindelholz et al., 2014) and KCl (Cohen et al., 1987;
Freney et al., 2009; Ahn et al., 2010; Li et al., 2014), or their
mixtures (Li et al, 2014) and mixtures with other components

1001-0742/© 2020 Published by Elsevier B.V. on behalf of The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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(Hansson et al.,, 1998; Gupta et al., 2015). Li et al. (2017) sum-
marized the deliquescence relative humidity (DRH) and efflores-
cence relative humidity (ERH) of a number of Na- and K-containing
salts as related to the phase states. It was generally found that
both NaCl and KCl deliquesce at medium-high RH (~75% and
~85% at 298 K, respectively); efflorescence occurs for these two
salts at medium-low RH (~45% and ~60% at 298 K, respectively).
In addition to association with halides such as chloride, sodium
and potassium can also be associated with other anions such
as sulfate (SO42~) and nitrate (NO3~), due to processes such as
heterogeneous reactions (Tang et al., 2017). The hygroscopicity
of the salts with the latter two anions, however, remains rel-
atively less investigated (Li et al, 2017). Uncertainty exists re-
garding the hygroscopicity of certain salts of sodium and potas-
sium. For example, the presence of a hydrate form for Na,SO4
(NaS04-10H,0) can result in two distinct DRH values (85% and
93%) for this particular salt (Martin, 2000); there are conflict-
ing results in literature regarding whether NaNO3 effloresces or
not (Richardson and Snyder, 1994; Tang and Munkelwitz, 1994;
Lamb et al., 1996). Both hydration (water uptake and deliques-
cence) and dehydration (water loss and efflorescence) are impor-
tant hygroscopic properties of mineral and soil materials. The abil-
ity to absorb and hold up water for mineral and soil materials,
which is the focus of the current study, is particularly impor-
tant in the enhanced light scattering (Martin, 2000) for aerosol
particles and in the immobilization of liquid water in hyper-arid
environments (Jia et al., 2018) for soils. The hygroscopic behav-
iors for multi-component mixtures are even more complex, with
eutonic composition showing mutual DRH or ERH (Wexler and
Seinfeld, 1991; Li et al,, 2014). Mineral dust and sea salt aerosols
are mixtures of multi-component salts, together with water-
insoluble components. Therefore, it is important to measure the
hygroscopicity of real-world samples to better understand their
impacts on hydrological cycle and global climate.

In this work, we present hygroscopic growth measurements of
six Na- and K-containing salts, including NaCl, NaNO3, Na;SOy,
KCl, KNO3, and K;SO4. Comparisons between hygroscopic growth
curves and those obtained from a thermodynamic model (ISOR-
ROPIA II) are made. Temperature-dependent (from 15 to 35°C) DRH
values are also presented. Hygroscopic growths for real-world sam-
ples, including five soil samples, two of which are saline soils, and
one sea salt sample, are also presented. Ionic composition of real-
world samples were used to model the hygroscopic growths, which
are then compared to those measured. Discussion on discrepan-
cies observed, if any, is also provided. Although only limited to hy-
dration and deliquescence behaviors, the present study provides a
comprehensive data set for hygroscopicity of Na- and K-containing
salts, which is useful for understanding the climate effects of min-
eral dusts and sea salt aerosols.

1. Materials and methods
1.1. Chemicals and soil/sea salt samples

Sodium chloride (NaCl, >99.5%), potassium chloride (KCl,
>99.5%) and potassium sulfate (K,SO4, >99%) were purchased
from Aldrich. Sodium nitrate (NaNO3, >99.99%), sodium sulfate
(NapS0y4, >99%) and potassium nitrate (KNO3, >99%) were sup-
plied by Aladdin, Strem and Guangzhou Chemical Reagent Factory,
respectively. These chemicals were used without further purifica-
tion. Synthetic inorganic sea salt, which mimics water soluble in-
organic composition of sea water, was provided by Himedia, Mum-
bai, India (Tang et al., 2019b). Five soil samples used in this work
(GBW07447, GBW07448, GBW07449, GBW07450 and GBW07454)
were supplied by Chinese Academy of Geological Sciences as
certificated materials. The soil sample GBW07447 is saline-alkali

soil from Hangjinhouqi, Inner Mongolia of China, GBW07448 is
brown desert soil from Haiyan County, Qinghai Province of China,
GBWO07449 is saline-alkali soil from Shanshan County, Xinjiang
of China, GBW07450 is sierozem from Shihezhi City, Xinjiang of
China, and GBWO07454 is loess from Luochuan County, Shanxi
Province of China. Compositions of these soil samples, analyzed
using ion chromatography, can be found elsewhere (Tang et al.,
2019c¢).

1.2. Hygroscopic growth

A vapor sorption analyzer (Q5000SA, TA Instruments, USA) was
used for the hygroscopic measurements. Detailed description of
the instrument and the procedure has been provided in our pre-
vious study (Gu et al., 2017). The instrument contains (1) a high-
precision balance that can measure mass change of <0.1 pg with
an accuracy of +0.1%, and (2) a humidity chamber that regulates
RH between 0% to 98% with +1% uncertainty and a temperature
range of 5-85°C with +0.1°C uncertainty. The dynamic range for
mass measurement is 0-100 mg. At a stable temperature set point,
samples of normally 1 - 10 mg were placed on the sample pan in
the sample chamber, and RH was brought to 0%. The sample and
reference chambers were then conditioned to stepwise increases
of RH, with the mass change, RH value, and temperature continu-
ously measured with a time resolution of 30 sec. If mass change
is less than 0.1% in 30 min, equilibrium between water vapor and
the sample is assumed, and the RH value in the chambers will be
raised to another set point. Sample mass values of the last 30 min
of each RH step were then averaged to be the mass of that RH
condition. This average mass value is normalized by the mass at
lowest RH (0%) to obtain the mass growth factor (MGF).

We performed the thermodynamic model ISORROPIA II (Nenes
et al., 1998; Fountoukis and Nenes, 2007) based on the molar con-
tributions for the ions measured, assuming that the rest of the
sample is non-hygroscopic. The ISORROPIA II model was run for a
temperature of 298 K in the “forward” mode, with solid formation
allowed.

1.3. DRH determination

The procedure of DRH determination has also been detailed in
our previous study (Gu et al., 2017). Briefly, the sample was first
dried at 0% RH until mass change was less than 0.1% in 30 min.
RH was then increased to about 5%-10% RH lower than the antic-
ipated DRH value based on the hygroscopic growth curve as de-
termined in the above experiments, and the sample was condi-
tioned for 30 min. Then RH was increased stepwise by 1% incre-
ment. When a significant increase in sample mass was observed,
that RH value was determined to be the DRH.

2. Results and discussion
2.1. Hygroscopic growth

Examples of hygroscopic growth measurements for NaCl and
KCI at 25°C are shown in Fig. 1a and c. The panels show RH ramp-
ing programs and MGF values as a function of experimental time.
For NaCl, the MGF remained close to unity when RH was up to
70%; by setting RH from 70% to 80%, the sample started to take
up water and MGF grew substantially to 4.5; further increasing RH
to 90% led to another stage of MGF from 4.5 to 7.2. For KCl, the
jump of MGF occurred at 80%-90% RH. For both salts, after >5 hr
of equilibration at the highest RH (90%), we brought the RH back
to the driest state (0%). Water desorption was rapid, with MGF go-
ing back to unity within 30 min.
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Fig. 1 - Examples of hygroscopic growth measurements: (a) for NaCl and (c) for KCI, and DRH determination measurements: (b) for NaCl and (d) for KCI.

Hygroscopic growths for all six salts were investigated with at
least duplicate measurements. Fig. 2 presents the MGF as a func-
tion of RH for the six salts. The hydration legs from the thermo-
dynamic model ISORROPIA II (Nenes et al., 1998; Fountoukis and
Nenes, 2007) were also presented in Fig. 2 for comparison. For all
the six measured salts, the hygroscopic growths from our measure-
ments agree well with the model prediction. This comparison gives
us confidence that our measurement technique can provide repro-
ducible hygroscopic growth results, which will later be used for
real-world samples.

For NaCl (Fig. 2a), we had two data points above the DRH of
this salt (~75%). For this reason, in the time series of MGF (Fig.
1a), we observed two equilibrated stages with substantial amounts
of water uptake (80% and 90% RH). This is also the case for NaNO3
(Fig. 2¢). On the contrary, there was only one data point above DRH
for KCl (Fig. 2b), and only one stage of equilibrated water uptake
was observed in the time series of MGF as shown in Fig. 1c. This
is also the case for Na;SO4. For KNOs, the DRH is higher than 90%,

we only observed water uptake at RH 95% as shown in Fig. 2d.
For K,SOg4, the DRH is higher than 95%, and water uptake was not
observed in our experiments.

2.2. Deliquescence RH

Fig. 1b and d shows the typical experimental results in the de-
termination of DRH values for NaCl and KCl, respectively. By start-
ing at a lower RH value near the anticipated deliquescence point
obtained from the hygroscopic growth measurements, small incre-
ments of 1% RH were used to condition the samples. At RH values
where a rapid jump of MGF was observed, the DRH value for the
sample was thus determined. Such jumps occurred at 75%-76% RH
for NaCl and 84%-85% for KCl as shown in Fig. 1.

Table 1 lists the DRH values for five out of the six salts investi-
gated in this study. At 25°C, the DRH values for NaCl, KCI, NaNOs,
KNOs, and Na,SO4 are 75.1%, 84.1%, 73.5%, 92.5%, and 86.5%, re-
spectively, in agreement with literature values (Greenspan, 1977)
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Table 1 - Comparison of deliquescence relative humidity (DRH) values measured in this study with those reported
in literature (Greenspan, 1977) for NaCl, NaNO3, Na;SO4, KCl, KNOs, and K;SO4 from 15 to 35°C.

Salt T(°C) DRH Reference Salt T(°C) DRH Reference
(Greenspan, 1977) (Greenspan, 1977)
NaCl* 15 753 £ 1.2 75.6 £ 0.2 KCl* 15 855 + 1.1 85.9 £ 0.3
20 753 £ 1.1 75.5 £ 0.1 20 84.7 £ 1.1 85.1 £ 0.3
25 75.1 £ 1.1 75.3 £ 0.1 25 84.1 +£ 1.1 843 +£ 0.3
30 752 +£1.0 751 +0.1 30 83.6 £ 1.0 83.6 £ 0.3
35 75.0 £ 1.0 749 + 0.1 35 83.0 £ 1.0 83.0 £ 0.3
NaNO; 15 745 £ 1.0 765+ 04 KNO; 15 93.5 £ 1.0 954 £ 1.0
20 745 +1.0 754+ 04 20 935 + 1.1 94.6 +£ 0.7
25 735 +1.0 743 +03 25 925 + 1.0 93.6 + 0.6
30 725 +£1.0 73.1+03 30 915 £ 1.0 923 £ 0.6
35 71.5+£1.0 721403 35 90.5 +£ 1.0 90.8 + 0.8
Na, S04 15 845+1.0 - K,SO4 15 - 97.9 £ 0.6
20 855+1.0 - 20 - 97.6 £ 0.5
25 86.5+ 1.0 8435 + 0.5° 25 - 97.3 £ 0.5
30 875+10 - 30 - 97.0 £ 0.4
35 885+1.0 - 35 - 96.7 £ 0.4

2 Average DRH values for NaCl and KCl were calculated by measurements (duplicate or triplicate) in this study
and those reported in Gu et al. (2017). Uncertainties were calculated by taking into account of standard deviations
in this study, 1% error in RH measurements, and the errors in Gu et al. (2017) with error propagation. Averages
DRH values for other salts were from duplicate or triplicate measurements in this study, with errors propagated
from the standard deviations and 1% error in RH measurements.

b Average and standard deviation from Tang et al. (1995), Lee and Hsu (1998), Lee and Chang (2002), and Feng

et al. (2014).
-: not available; T: temperature.

within 1%-2% RH. The DRH value of K,SO4 was not determined
because it was higher than the maximum set RH (95%) in our ex-
periments.

Temperature dependence of DRH values are also shown in Table
1. With increasing temperature from 15 to 35°C, DRH values of
the five salts normally decreased, in agreement with literature
(Greenspan, 1977), except for Na,SOy4. This result suggests that dis-
solution of most of the Na- and K-containing salts investigated in
our study is endothermic, with higher temperature favoring dis-
solution, thus deliquescence. The implication is that long-range
transport of mineral dust particles containing these salts might
make deliquescence of those dust particles easier. For example, if
mineral dust particles, especially saline dust particles that contain
sodium and potassium, are transported from the arid areas such as
those in northwestern China to southeastern coastal regions, it is
likely that deliquescence can occur more easily, because both RH
and temperature are higher in the southeastern coastal regions.
The potential presence of a mixture between anhydrous Na,SO4
and decahydrate (Na,SO4-10H,0) in the temperature range of our
experiments (15-35°C) might be the reason behind the abnormal
temperature dependence. Dissolution of Na,SO4 is endothermic,
while that of its decahydrate is exothermic (Angeli et al., 2010;
Bharmoria et al., 2014).

2.3. Soil and sea salt samples

To better understand the hygroscopic behaviors of Na- and K-
containing mineral and sea salt samples, the hygroscopic growth
of real-world samples were investigated as shown in Fig. 3. Two
soil samples (GBW07447 and GBW07449) and the sea salt sample
showed very high hygroscopicity, with the MGF value for sea salt
sample being above 6 at 90% RH. On the contrary, the other three
soil samples (GBW07448, GBW07450 and GBW07454) showed very
low hygroscopicity, with their MGF values being less than 1.04
even at 90% RH. While GBW07447 and GBW07449 are both saline-
alkaline soil samples, the sea salt is the sample contains the largest
amount of water-soluble ions. The other three are, however, min-
eral dust samples that contain much lower contents of water-
soluble ions (see below).

Water-soluble ionic composition of these soil and sea salt sam-
ples were then analyzed using ion chromatography, and their mass
percentages and equivalent molar number (based on 100 g of sam-
ple) are listed in Table 2. For those more-hygroscopic samples, Na™
and K* ions together with Mg+ ions contributed significantly to
the sample mass, with the balancing anion as mostly Cl~ or SO4%~.
Specifically, water-soluble ions contributed to 4.8% and 21.2% of the
total mass in soil samples GBW07447 and GBW07449, respectively.
Over 99% of the sea salt sample is made up by water-soluble ions.
For those less-hygroscopic soil samples, the water-soluble ionic
composition is normally less than 1% by mass (Table 2). In addi-
tion, Table 2 also shows that for more-hygroscopic salts, the mea-
sured water-soluble cations were equal to or less than the mea-
sured water-soluble anions on an equivalent basis. The missing
cation could potentially be NH4*, whose salts are mostly hygro-
scopic, that is not measured in our IC method. On the contrary,
for less-hygroscopic salts, the measured water-soluble cations were
much more than the measured water-soluble anions on an equiv-
alent basis. The missing anions could potentially be some organic
acids that were not covered in our IC measurements. These miss-
ing anions might be the reason for the higher-than-predicted wa-
ter uptake for the less-hygroscopic salts, as discussed below. There-
fore, Na- and K-containing salts, together with Mg-containing ones,
play a vital role in the hygroscopic water uptake for mineral dusts.
For these nascent soil and sea salt samples, the mass fractions of
NO3~ are very low (<0.1%). These low fractions of nitrate in the
real-world samples investigated contributed little to the overall hy-
groscopicity. Aged mineral dust or sea salt aerosols, however, can
contain substantial amounts of nitrate due to heterogeneous reac-
tions between gaseous nitrogenous species (e.g., HNO3) and those
aerosol particles (Tang et al., 2017). Given that nitrate salts are
generally very hygroscopic (for instance, NaNOs), the aged mineral
dust particles would possess enhanced hygroscopicity.

We also performed thermodynamic prediction using ISORROPIA
Il to estimate the hygroscopic growths of those real-world samples,
based on the contents of measured water-soluble ionic composi-
tion and assuming non-hygroscopic for the rest of their masses.
As shown in Fig. 3, the model results match with experimental
data quite well for more-hygroscopic samples, while the agree-
ments were not satisfactory for less-hygroscopic ones. This result
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Fig. 3 - Hygroscopic growth of soil samples and sea salt sample: (a) more-hygroscopic samples; (b) less-hygroscopic samples.

Table 2 - Mass percentage and equivalent molar number (peq (x 10%), based on the same total mass of 100 g sample, taking into account of ion molecular weight and ion

charge) of water-soluble inorganic ions in soil samples and sea salt sample.

GBWO07447 GBW07448 GBW07449 GBW07450 GBW07454 Sea salt

Mass (%) peq (x 108) Mass (%) peq (x 10%) Mass (%) peq (x 10%) Mass (%) peq (x 108) Mass (%) peq (x 10%) Mass (%) peq (x 106)
Na* 1.11 4.82 0.08 0.37 6.09 26.49 0.10 0.46 0.02 0.10 30.8 133.91
K* 0.07 0.32 0.07 0.32 0.15 0.66 0.08 0.35 0.06 0.26 1.0 435
Ca+ 0.07 0.28 0.05 0.22 0.04 0.19 0.03 0.13 0.03 0.13 11 4.78
Mg2+ 1.20 5.20 0.74 3.22 2.37 10.30 0.60 2.62 0.71 3.08 3.7 16.09
NOs3 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.00 0.00 0.0 0.00
Cl- 0.56 2.44 0.05 0.22 3.78 16.42 0.01 0.04 0.00 0.00 55.3 24043
5042~ 1.77 7.70 0.16 0.70 8.79 38.21 0.02 0.09 0.01 0.05 7.5 32.61
Others 95.2 2% 98.8 64%* 78.8 -18%¢ 99.1 91%* 99.2 97% 0.6 -26%°

GBWO07447: saline-alkaline soil; GBW07448: brown desert soil; GBW07449: saline-alkaline soil; GWB07450: sierozem; GBW07454: loess.

Y- Cation

molar number—3" Anion equivalent molar number

@ Percentage of ion imbalance: Imbalance = 100% x

implies that the ionic composition as measured in our study can
be used to predict hygroscopic behaviors of un-processed saline
soil dust and sea salt aerosols. For those less-hygroscopic samples,
however, the small amount of water uptake that could not be cap-
tured by model prediction using the water-soluble ions measured,
and might be due to some water-soluble components in the sam-
ples that are not measured by our IC method (potentially organic
acids). This small water uptake even to very low RH, however, im-
plies that a thin water layer can form on the surface of those less-
hygroscopic mineral dust particles.

3. Conclusions and implications

We measured the hygroscopic growth curves of six typical
Na- and K-containing salts, which agree well with thermodynamic
model prediction. We also determined their DRH values, which are
comparable to those in literature within 1%-2% RH. Temperature
dependence of DRH values for five of those salts was also investi-
gated. Four of the five salts showed decreased DRH values as tem-
perature increased. The only exception was Na,SOg4, which showed
increased DRH values as temperature increased. This result sug-
gests that the possible co-existence of anhydrous Na;SO,4 and dec-
ahydrate (Na;SO4-10H,0) might have complicated temperature de-
pendence of this particular salt. Hygroscopic growth curves of real-
world soil and sea salt samples were also measured. The water up-
take ability of two more-hygroscopic saline mineral samples and
of sea salt can be predicted by the thermodynamic model based

- Cation equivalent molar number-+)  Anion equivalent molar number *

on the measured water-soluble ionic composition. For three less-
hygroscopic dust samples, however, measurements show higher
water uptake ability than that predicted by the thermodynamic
model. This result suggests that a thin layer of water may exist
even for those less-hygroscopic soil types due to the presence of
components other than the inorganic salts measured. This finding
implies that there is a small but not negligible ability to absorb
water for less-hygroscopic soils in arid/hyper-arid environments,
and that even less-hygroscopic soil/dust aerosol particles have the
capability to provide an aqueous thin film for heterogeneous reac-
tions.

We provide here a comprehensive characterization of hygro-
scopicity of Na- and K-containing salts and of real-world soil, dust
and sea salt samples. The implications of the current study are sev-
eral folds. First, most of the Na- and K-containing salts investigated
in this study showed a decrease in DRH values as temperature in-
creased, indicating easier deliquescence with higher temperature.
In addition, together with a previous study (Tang et al., 2019c),
we show that some saline-alkaline samples can be quite hygro-
scopic and has the capability to take up a substantial amount of
water at high RH conditions. These results suggest that long-range
transport of soil/dust particles to high-temperature and high-RH
regions (e.g., in coastal areas or over the ocean) can make water
uptake more easily. Upon water uptake on those soil/dust parti-
cles, surface water layer formation provides a venue for aqueous-
phase reactions (Li et al., 2017; Jing et al., 2018). Furthermore, ac-
tivation of those soil/dust particles into cloud droplets would also



H. Zhang, W. Gu and YJ. Li et al./Journal of Environmental Sciences 95 (2020) 65-72 71

be easier compared to completely non-hydroscopic dust aerosols
(Koehler et al., 2007). Second, the presence of substantial amounts
of water-soluble ions in the saline mineral dusts is the reason be-
hind their high hygroscopicity. Specifically, Na, K, and Mg cations
and chloride and sulfate anions are found to be in high abundance
for those hygroscopic soil samples. Interestingly, nitrate content in
all of those soil samples was all less than 0.1%, indicating that the
nascent soil/dust samples do not contain this particular anion. In
processed dust/soil particles, however, nitrate can be present in a
substantial amount by heterogeneous reactions with nitrogenous
pollutants (Tang et al., 2017), and may alter the hygroscopicity of
aged dust/soil particles. Further investigations are needed to ascer-
tain the role of nitrate in aged dust/soil particles on their hygro-
scopicity.
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