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Surface migration of chloride ions on natural salts
by ammonia and water vapor under low RH
conditions†
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Natural salts are minerals formed through natural processes, generally consisting of complex mixtures of

ions. In the atmosphere, natural salts are present as aerosol particles, originating from both marine and

terrestrial sources. The interaction of these natural salt particles with trace gases, also termed ageing,

can influence various atmospheric processes such as cloud properties or atmospheric chemistry.

However, our understanding of these interactions, particularly at low relative humidity (RH) well below

deliquescence conditions, when particles are in the solid state, remains limited. This study investigates

phenomena occurring on surfaces of two polycrystalline solid natural salt samples upon exposure to

ammonia (NH3) and low RH conditions. Surface structures and chemical compositions, at nanometre-

scale depths, were measured using X-ray photoelectron spectroscopy (XPS) and near edge X-ray

absorption fine structure (NEXAFS) spectroscopy at a synchrotron-based ambient pressure XPS (APXPS)

endstation. The findings indicate that the addition of NH3 to a humidified atmosphere leads to an

enrichment of chloride (Cl�) on the surface of the solid natural salt samples. We propose that the

formation of ammonium (NH4
+) from NH3 uptake on the sample surfaces causes the migration of Cl� to

the surface, which appears to outcompete other anions such as sulfate (SO4
2�) for cation–anion neutra-

lization. This surface enrichment of Cl� indicates potential dechlorination processes, highlighting how

anthropogenic emissions, here NH3, can affect the properties of solid natural salt particles.

1. Introduction

Natural salts are minerals often consisting of complex mixtures
of ions that are generally found in the lithosphere and the
atmosphere. In the lithosphere, these salts are present as
deposits from water evaporation, such as salt pans or dry lakes
(playas). In the atmosphere, these salts appear as aerosol
particles, arising from marine sources like sea salt and from
terrestrial sources through phenomena such as wind lofting of
salt deposits or blowing snow events.1,2 Because these aerosol

particles are directly emitted into the atmosphere, they are
termed primary natural salt particles. Marine sources are
globally the most abundant source of primary natural salt
particles, but terrestrial sources can be significant regionally,
such as in arid regions and populated areas with little influence
from marine air masses.2,3 In arid regions, primary natural salt
particles often appear as salts mixed with mineral dust
particles.4,5 The ionic composition of these particles, from
marine and terrestrial sources, is often dominated by sodium
(Na+), chloride (Cl�), sulfate (SO4

2�) and magnesium (Mg2+)
ions.6–8 However, the properties of these particles change over
time as they undergo physicochemical modifications when
interacting with atmospheric gas-phase compounds, including
water vapor and ammonia among many others. These modifi-
cations, known as ageing, influence many atmospheric pro-
cesses such as cloud properties and atmospheric chemistry.

Water vapor is ubiquitous in the atmosphere with relative
humidity (RH) levels ranging from nearly 0% to more than
100%. Due to this large range, water vapor uptake on primary
natural salt particles can impact both their surface and bulk
physicochemical properties. The hygroscopic nature of these
particles allows significant water uptake on their surfaces to
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occur, even at low RH levels, when the particles remain in a solid
state. Water uptake on solid primary natural salt particles leads
to changes in their surface properties such as structure, chemical
composition and chemical reactivity. Structural modifications
can manifest as various phenomena including hydrate for-
mation or predeliquescence.9,10 Chemical composition can be
altered through various processes, such as preferential cation–
anion interactions, ion transport through grain boundaries to
the surface or ion competition for solvation.11–13 Chemical
reactivity can increase upon water vapor uptake, leading to
spontaneous and heterogeneous surface chemistry.14–16 This
enhanced reactivity can further promote the uptake of trace
gases.17,18 Notably, the presence of electric fields on the surface
appears to contribute to this increased reactivity.19,20

Ammonia (NH3) is a major air pollutant primarily emitted
by anthropogenic activities such as animal husbandry and by
fertilizers in agriculture, with annual emissions estimated to
exceed 58 million tons.21 As the principal base in the atmo-
sphere, NH3 is a major component of acid–base neutralization
reactions with gas-phase acids present in the atmosphere.
These neutralization reactions contribute to the formation of
secondary inorganic aerosols (SIAs), such as ammonium sulfate
((NH4)2SO4), ammonium bisulfate ((NH4)HSO4), ammonium
nitrate (NH4NO3) and ammonium chloride (NH4Cl), affecting
the gas-to-particle partitioning of their gas-phase precursors.22,23

Additionally, NH3 is a highly soluble base (Henry’s law constant
ranging from 30 to 90 mol L�1 atm�1 at 298 K), which promotes
its uptake in aqueous droplets, especially under acidic condi-
tions that facilitate ammonium (NH4

+) formation.24 In aqueous
solution, NH4

+ can affect surface composition through prefer-
ential charge neutralization. For example, migration of bromide
(Br�) ions to the surface of aqueous solutions was observed in
the presence of a tetrabutylammonium surfactant.25 In aqueous
aerosol particles, phenomena that induce surface enhancement
of halogen species can lead to an increased formation of
halogenated gases.26–29 This has critical implications for atmo-
spheric chemistry, particularly in relation to stratospheric ozone
depletion.30 However, these phenomena should not be limited to
aqueous systems, as water vapor uptake on aerosol particles,
notably on solid primary natural salt particles, occurs at low RH
well below deliquescence.11,12

In this study, we investigate surface phenomena occurring
on two polycrystalline solid natural salt samples upon exposure to
ammonia at low RH levels. The natural salt samples were col-
lected from a dry lake bed (Dalangtan Playa) and a saline lake
(Mang’ai Salt Lake) in the Qaidam Basin, China. The structural
and chemical composition of the natural salt surfaces, at a
nanometer-scale depth, were measured by X-ray photoelectron
spectroscopy (XPS) and partial Auger–Meitner electron yield near
edge X-ray absorption fine structure (NEXAFS) spectroscopy at a
synchrotron-based ambient pressure XPS (APXPS) endstation.
This investigation provides insights into surface ageing processes
of solid primary natural salt particles upon exposure to gas-phase
compounds from anthropogenic emissions. As aerosol particles
originating from North and Western China represent an impor-
tant source of particulate matter across major cities in East Asia

and even North America, the samples and conditions used here
provide a crucial case for understanding the impact of primary
natural salt particle ageing on atmospheric processes both region-
ally and globally.31–33

2. Sampling and methodology
2.1 Sample collection

The natural salt samples used in this study were collected from
the Qaidam Basin, located on the Northeastern Qinghai-Xizang
Plateau. The Qaidam Basin is an arid region where primary
natural salt particles are mainly generated through wind lofting.
From May 1st to 9th 2022, an extensive field campaign was
conducted in this region to collect various samples, including
brines, lakebed salts, crust salts, playa salts, and distinct layered
hydrated salts. In this study, we focused on a playa salt and a
brine sample, which were collected from the Dalangtan (DLT)
Playa (381403300N, 9015904600E) and the Mang’ai (MA) Salt Lake
(3813201600N, 9112303400E), respectively. The brine sample from
the MA Salt Lake was collected from 2–5 cm below the surface,
and the playa salt from DLT Playa was collected from the DLT
Playa ground.34 All samples were stored in polyethylene contain-
ers, covered with Parafilm and kept at 4 1C.

DLT Playa is a saline dry lake in the hyper-arid zone of
the Qaidam Basin, spanning over approximately 500 km2. This
zone is marked by extremely low atmospheric pressure, high
ultraviolet radiation, low annual mean temperatures and has
large seasonal and diurnal temperature variations, and extre-
mely low RH. Natural salt particles are formed under extreme
aridity, making also DLT a potential analogue for Mars in the
study of saline deposits and their evolution.35 The geological
history of DLT, shaped by tectonic activity and climatic shifts,
further adds to its relevance as a site for understanding how
natural salts accumulate and transform under hyper-arid
conditions.36

The MA Salt Lake is a saline lake, located near the Kunlun
and Altyn Mountains, covers an area of about 26 km2 and is
underlain by a rock salt bed up to 9.7 m thick, signifying
extensive salt accumulation under long-standing evaporative
conditions. This thick salt bed and prolonged saline conditions
make the MA Salt Lake an excellent site for studying saline lake
dynamics and how these lakes contribute to the production of
primary natural salt particles.

2.2 Chemical composition

The brine from the MA Salt Lake and the dissolved salt from
DLT Playa went through a filtration process prior to analysis.
Filtration involved the passage of samples through a filter
paper with pore sizes of o20 mm followed by a finer filtration
using 0.22 mm water filtration membranes. To meet the detec-
tion limits of ion chromatography (IC), the solution with
dissolved DLT Playa salt was diluted 2000-fold, and the brine
from the MA Salt Lake was diluted 1500-fold. Bulk analysis was
conducted using a thermo Fisher scientific IC system (DX 600),
which measured various cations (K+, Na+, Mg2+, Ca2+, and
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NH4
+) and anions (Cl�, SO4

2�, NO3
�, NO2

�, and F�) in the
samples. Cations were analysed using a CS12A IC column
(Dionex Ion Pac) with a 30 mM methanesulfonic acid
(CH3SO3H) eluent, while anions were measured using an
AS11-HC IC column (Dionex Ion Pac) with a 20 mM potassium
hydroxide (KOH) eluent. The ionic molar fractions based on IC
measurements are presented in Table 1.

2.3 XPS and NEXAFS measurements with APXPS

XPS and partial Auger–Meitner electron yield NEXAFS measure-
ments were conducted with the synchrotron-based APXPS end-
station at the HIPPIE beamline of MAX IV Laboratory. HIPPIE is
a soft X-ray beamline located on the 3 GeV electron storage ring
that can provide photon energies (PE) in the range 250–2200 eV
at a flux superior to 1012 photons s�1. The APXPS instrument
at the HIPPIE beamline features an analysis chamber with an
integrated near ambient pressure cell, capable of accommodating
condensed phase materials mounted on a sample holder and
surrounded by a gaseous atmosphere at pressures up to
30 mbar. More details about the APXPS instrument at the
HIPPIE beamline are provided by Zhu et al.37 In our experi-
ments, the dissolution of DLT Playa salt and dilution of MA Salt
Lake brine were done using Milli-Q type 1 ultrapure water and
the solutions were drop-cast onto different sample holders. The
sample holders were subsequently heated to 40 1C to accelerate
salt precipitation. This procedure yields a thin, uniform layer of
salt crystals on the sample holder, minimizing issues such as
differential charging and surface inhomogeneity during XPS
measurements. Based on ionic molar fraction in Table 1, MA
Salt Lake crystals are likely a mix of MgCl2 with NaCl while DLT
Playa crystals are mainly NaCl. After complete evaporation,
sample holders were inserted into the near ambient pressure
cell for experiments, one at a time, as this cell can only
accommodate one sample holder. The analysis chamber was
maintained under high vacuum conditions with a base pres-
sure of 1 � 10�10 mbar before, after and during experiments.
The gaseous atmosphere in our experiments was constituted
either of pure water vapor (NH3-free cases) or water vapor plus
a mix of ammonia/nitrogen NH3/N2 (NH3-exposed cases). The
total maximum pressure in our experiments was 5 mbar. The
mix of ammonia/nitrogen NH3/N2 was inserted into the near
ambient pressure cell from a gas cylinder with a concentration
of 1% NH3 in N2 by volume. Water vapor was introduced
into the near ambient pressure cell from a degassed water
source that had undergone three freeze–thaw–pump cycles. The
RH inside the near ambient pressure cell was regulated by

adjusting the water vapor pressure using a leak valve, while
sample temperature was held constant at 16 1C.

In XPS, the selected PE determines the kinetic energy (KE) of
an emitted photoelectron as

KE = PE � BE � s. (1)

Here BE is the binding energy of electrons in atoms and s
the work function, which corresponds to the minimum energy
needed to remove an electron outside a material’s surface. The
KE of a photoelectron is also related to its inelastic mean free
path (IMFP), defined as the average distance an electron travel
between two inelastic scattering processes (energy loss), as

IMFP = KEy. (2)

Here y is between 0.6 and 0.75 for most compounds.38 This
relationship shows that photoelectrons with higher KE exhibit
longer IMFP, thereby traveling greater distances before under-
going an energy loss event. Additionally, the mean escape depth
(MED) is defined as the average depth from which detected
photoelectrons that have not undergone inelastic scattering
originate, and is related to IMFP as

MED = IMFP � cos(a). (3)

Here a is the angle of photoelectron emission, which is 01 in this
study, thus MED values are similar to IMFP. More details about
IMFP and MED can be found in Powell et al.39 Taking together, an
increase in PE increases the KE of photoelectrons (eqn (1)), result-
ing in higher IMFP (eqn (2)) and higher MED (eqn (3)).

In our XPS measurement, we acquired both wide range
spectra (also named survey spectra) and detailed, narrow band,
single-edge spectra (high-energy resolution photoemission spec-
tra). Survey spectra were acquired at PE = 1000 eV with the aim
of giving an overview of surface elemental composition. High-
energy resolution photoemission spectra were taken for different
elements and orbitals including oxygen (O 1s), nitrogen (N 1s),
carbon (C 1s), chlorine (Cl 2p), sulfur (S 2p), magnesium (Mg 2p)
and sodium (Na 2s). For high-energy resolution photoemission
spectra, the PE utilized for each element was adjusted to
measure photoelectrons with four different kinetic energies,
300, 400, 500 and 600 eV, corresponding to MEDs of 1.1, 1.4,
1.5 and 1.7 nm, respectively. The MEDs were calculated with
QUASES-IMFP-TPP2M version 3 software utilizing ammonium
chloride (NH4Cl) as the material of interest.40 The signal inten-
sity of the measured elements was normalized by photoioniza-
tion cross-sections for each element and orbital provided by Yeh
et al.,41 as well as with incident photon flux (provided in Fig. S1,
ESI†). Elemental ratios were established by dividing the normal-
ized signal intensity for two different elements at similar MEDs.
Elemental ratios were computed for the four MEDs. The steps
used to calculate elemental ratios are further explained in
Brundle et al.38

In partial Auger–Meitner electron yield NEXAFS measure-
ments, Auger–Meitner electrons were detected instead of
photoelectrons. These measurements were performed at the
oxygen K-edge to investigate the chemical environment of

Table 1 Ionic molar fractions of MA Salt Lake brine and DLT Playa salt

Molar fraction

MA Salt Lake brine DLT Playa salt

Na+ (%) 17 50
K+ (%) 2 0
Mg2+ (%) 24 1
Cl� (%) 52 45
SO4

2� (%) 5 3
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oxygen atoms in the samples. The resulting spectra provide
additional and complementary information to XPS measure-
ments, such as information regarding oxygen-containing spe-
cies on the natural salt sample surfaces, interactions between
these species and water vapor, and changes induced by expo-
sure to ammonia. Partial Auger–Meitner electron yield NEXAFS
measurements were conducted simultaneously with XPS to
gain a comprehensive understanding of both surface composi-
tion and surrounding environment under varying exposure and
partial pressures of water vapor and ammonia.

3. Results and discussion
3.1 Surface elemental composition

The surface elemental compositions of the MA Salt Lake brine
and DLT Playa salt samples, upon exposure to different RH and
partial pressures of NH3, were established with wide range
photoemission (also named survey) spectra. These spectra,
displayed in Fig. 1, reveal the presence of oxygen (O 1s),
nitrogen (N 1s), carbon (C 1s), chlorine (Cl 2s and Cl 2p), sulfur
(S 2p) and magnesium (Mg 2s and Mg 2p). However, the spectra
do not show the presence of sodium (Na 2s), despite IC
measurements indicating a high molar fraction of Na+

(Table 1). This absence cannot be attributed to a low photo-
ionization cross-section, as at a photon energy of 1000 eV, the
photoionization cross-section of Na 2s is comparable to those
of Mg 2s and Mg 2p. This suggests that Na+ is depleted from the
natural salt surface, a phenomenon we previously observed
with APXPS measurements on natural salt samples collected in
the Qaidam Basin.11,42 This phenomenon was also observed

with aerosol-in-flight XPS analysis of different salt particles.43

The Na+ depletion observed in our experiments is likely the
result of sequential salt efflorescence, wherein, as RH decreases,
NaCl crystallizes first on the sample holder surface, followed by
crystallization of other salt species atop the NaCl layer. For
example, efflorescence experiments on NaCl–MgCl2 mixtures
with varying mixing ratios have shown that upon decreasing
RH, NaCl crystallizes first, followed by the co-crystallization of
MgCl2 and NaCl.44

In the NH3-free cases (only water vapor), the survey spectra
for the MA Salt Lake brine and DLT Playa salt samples at lowest
RH levels (6 and 7%) in Fig. 1a and b appear to have no
significant differences. Similarly, the survey spectra of MA Salt
Lake brine and DLT Playa salt samples at higher RH levels
(25%) in Fig. 1c and d exhibit no noticeable differences.
Additionally, comparing survey spectra obtained at lowest RH
(6 and 7%) and at highest RH (25%), shown in Fig. 1a and b
with Fig. 1c and d, respectively, shows no significant differ-
ences, apart from the appearance of an additional peak for O 1s
located at higher BE, which comes from the additional water
vapor. That is, the presence of this peak is due to the increase in
water vapor partial pressure in the near ambient pressure cell.
Thus, the survey spectra acquired with addition of solely water
vapor suggest that the surface composition of both natural salts
remains relatively consistent, regardless of changes in RH and
differences in the bulk ionic content.

In the NH3-exposed cases (water vapor and mix of NH3/N2),
the peaks in the survey spectra of MA Salt Lake brine and DLT
Playa salt in Fig. 1e and f exhibit an increase in intensity
compared to those with water vapor only in Fig. 1a–d. This
increase is particularly noticeable for the nitrogen (N 1s),

Fig. 1 Wide-range photoemission spectra of solid natural salts from MA Salt Lake brine and DLT Playa salt samples. Measurements were carried out at
different RH and with the addition of NH3/N2 mixture (1% NH3 in N2). The intensity is given in arbitrary units (a.u). In grey (a)–(d) are the spectra acquired
with varying RH only while in dark red (e) and (f) are the spectra acquired with varying RH and the addition of a mix NH3/N2. The photon energy used for
these measurements is 1000 eV. The corresponding elements and orbitals for the major peaks are indicated above the arrows, with those highlighted
representing those for which high-energy resolution photoemission spectra were also acquired. All spectra were normalized to the O 1s peak from (a) MA
Salt Lake brine 7% RH.
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carbon (C 1s), and chlorine (Cl 2s and Cl 2p) peaks. This
increase cannot be attributed to gas-phase attenuation, which
would reduce the signal of all elements equally. Instead, the
relative reduction of the oxygen peak intensity suggests that
NH3 exposure causes a change in the surface composition,
favoring species with lower oxygen content. Such a modifica-
tion in the surface composition may arise from NH4

+ formation
on surfaces, as it is detected by the high-energy resolution
photoemission spectra in Fig. 2.

3.2 Surface chemical composition

In XPS, elements in different oxidation states or different bond-
ing environments can cause shifts in electron BE, often referred
to as chemical shifts. High-energy resolution XPS spectra allow
for the detection of these shifts, which help to identify the
chemical species associated with the measured elements. In this

study, high-energy resolution XPS spectra, shown in Fig. 2, were
acquired for the MA Salt Lake brine and DLT Playa salt samples
for NH3-free and NH3-exposed cases. These spectra were
obtained for elements and orbitals O 1s, N 1s, S 2p, Mg 2p
and Cl 2p.

In the O 1s spectra, surface water (H2O(sur)) and sulfate
(SO4

2�) peaks were detected for all conditions as shown in
Fig. 2a, f, k and p. The separation in O 1s electron BE between
H2O(sur) and SO4

2� is approximately 1.20 eV, which is consistent
with previous studies.11,12 An additional peak for water vapor
(H2O(gas)) is also observed in Fig. 2f, k and p. The absence of a
signal for water vapor in Fig. 2a is due to the low RH combined
with the short distance between the sample surface and the
aperture of the electron analyser.

In the N 1s spectra, peaks of ammonium (NH4
+), nitrogen-

containing organic compounds (C–N) likely to be primary

Fig. 2 High resolution XPS spectra of solid natural salts from MA Salt Lake brine and DLT Playa salt samples, for elements and orbitals O 1s, N 1s, S 2p, Mg
2p and Cl 2p. The intensity is given in arbitrary units (a.u.). Measurements were carried out at different RH and with the addition of NH3/N2 mixture (1%
NH3 in N2). In grey ((a)–(e) and (k)–(o)) are the spectra acquired with varying RH only, while in dark red ((f)–(j) and (p)–(t)) are the spectra acquired with
varying RH and the addition of NH3/N2 mixture. The binding energies are aligned to aliphatic C 1s at 284.8 eV. The spectra were acquired with different
photon energies to fix the kinetic energy consistently at 300 eV.
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amines (R-NH2), and surface ammonia (NH3(sur)) were detected
for all conditions as shown in Fig. 2b, g, l and q. An extra peak
for nitrogen gas (N2(gas)) was observed in the N 1s spectra in
Fig. 2g and q. The separation in N 1s electron BE between NH4

+

and C–N is approximately 1.20 eV while the separation between
NH4

+ and NH3(sur) is approximately 2.70 eV, which agrees with
the values obtained by core electron binding energy (CEBE)
calculations in previous studies.15,45 The presence of primary
amines on sample surfaces is likely due to the NH3 reaction with
organic species from carbon contamination.46 Additionally,
high-energy resolution XPS spectra of C 1s in Fig. S7 and S13
(ESI†) show an increase in peaks related to oxidized carbon (C–
O, C–N and CQO) in NH3-exposed cases, likely indicating an
increasing amount of nitrogen containing organic compounds.

For S 2p spectra shown in Fig. 2c, h, m and r, deconvolution
was carried out with spin–orbit coupling separation (between
S 2p3/2 and S 2p1/2) of 1.60 eV resulting in one single species,
sulfate. Similarly, Mg 2p spectra shown in Fig. 2d, i, n and s were
deconvoluted with one single species, the magnesium cation. For
the Cl 2p spectra shown in Fig. 2e, j, o and t, deconvolution was
carried out with a spin–orbit coupling separation of 1.20 eV
resulting in different numbers of species for different natural salt
samples and conditions. Most of the species were obtained for the
Cl 2p spectra of the MA Salt Lake brine sample at 7% RH, as

shown in Fig. 2e, for which deconvolution is best represented with
three species. At the lowest BE, the peak observed is associated
with chloride species, while the assignment of the peaks to
chlorine-containing species at higher BE, labeled chlorine second
species (Cl(2nd)) and chlorine third species (Cl(3rd)), is more
delicate. The separation in Cl 2p3/2 electron BE between Cl� and
Cl(2nd) is approximately 1.20 eV, which is similar to the value
obtained with CEBE calculations for HCl species on a NaCl salt
surface, thus Cl(2nd) may correspond to HCl.17 The separation
between Cl� and Cl(3rd) is approximately 3.20 eV, which is too little
to be chlorine oxides and instead may be organochlorine. Pre-
vious XPS measurements have revealed a separation of 3.30 eV
between the chloride anion and organochlorine.47

3.3 Elemental ratios

3.3.1 Comparison of elemental ratios at similar MED.
Elemental ratios in Fig. 3 provide insights into the relative
concentration of elements at each of the four MED (1.1, 1.4, 1.5
and 1.7 nm below the surface). These ratios are calculated by
dividing the normalized signal intensity of two different ele-
ments at a similar MED (from high-energy resolution XPS
spectra in Fig. 2). In the NH3-free cases (grey lines), MA Salt
Lake brine and DLT Playa salt samples exhibit similar elemen-
tal ratios at similar MED, suggesting similar surface elemental

Fig. 3 Elemental ratios with increasing MED for solid natural salts from MA Salt Lake brine and DLT Playa salt samples. Elemental ratios include (a) N : O,
(b) N : Cl, (c) N : S. (d) N : Mg, (e) Cl : O, (f) Cl : S, (g) Cl : Mg, (h) S : O, (i) Mg : O and (j) Mg : S. For elemental ratios including N and O elements, the
contributions of the gas-phase signal, respectively, nitrogen and water vapor, were removed to only account for surface species.
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compositions despite differences in their ionic bulk composi-
tions, which is in agreement with previous observations made
from survey spectra in Fig. 1. The similarity in the surface
composition is likely due to the low MED, which corresponds to
only a few molecular layers and may not reflect bulk differ-
ences. In the NH3-exposed cases (red lines), the elemental
ratios at similar MED for both samples differ from their
respective NH3-free cases.

The nitrogen-to-element ratios for both samples (with N2

gas-phase signal excluded), including N : O, N : Cl, N : S and
N : Mg in Fig. 3a–d, are higher in the NH3-exposed cases
compared to NH3-free cases. These increases with the addition
of NH3 confirm the uptake of nitrogen-containing species on
the sample surfaces, appearing as surface-adsorbed NH3, NH4

+

and nitrogen-containing organic compounds, as shown in the
N 1s high-energy resolution XPS spectra in Fig. 2g and q. The
exclusion of contributions from the N2 gas ensures that these
increases are solely attributed to surface species.

The chlorine-to-element ratios for both samples, including
Cl : O, Cl : S, and Cl : Mg in Fig. 3e–g, are higher in the NH3-
exposed cases compared to NH3-free cases. This indicates that
the presence of NH4

+ drives Cl� ions towards the surface,
resulting in an enrichment of Cl� where NH4

+ is concentrated.
The surface enrichment of Cl� suggests the possibility of a
subsequent release of gas-phase chlorinated species, as migra-
tion of Cl� ions to the outermost layers increases their suscepti-
bility to volatilization.28 Furthermore, Cl : Mg elemental ratios
exhibit values close to that of pure MgCl2 (Cl : Mg = 2), indicating
the likely presence of MgCl2-rich phases on the salt surfaces.

The element-to-sulfur ratios for both samples, including
N : S, Cl : S and Mg : S ratios in Fig. 3c, f and j are higher in
the NH3-exposed cases compared to NH3-free cases. These
increases indicate that Cl� appears to outcompete SO4

2� for
cation–anion neutralization of NH4

+ ions. This phenomenon
can result from preferential affinity between NH4

+ and Cl�

compared to SO4
2�, or it can be a consequence of the higher

ionic molar fraction of Cl� over SO4
2� in the bulk (Table 1),

which increases the likelihood of NH4
+ pairing with Cl� instead

of SO4
2�. This dynamics also implies that hydroxide ions

(OH�), produced from water deprotonation during NH4
+ for-

mation, are outcompeted by Cl�. These reactive OH� ions may
be lost through oxidation of organic compounds, as suggested
by the high-energy resolution XPS spectra for C 1s in Fig. S7 and
S13 (ESI†) that reveal an increase in oxidized carbon in the NH3-
exposed cases compared to NH3-free cases. Additionally, the
increase in Cl : S ratios from NH3-free cases compared to NH3-
exposed cases does not correlate with variations in RH. Speci-
fically, the RH for the MA Salt Lake brine increases from 7% to
15%, while for the DLT Playa salt it decreases from 17% to 8%.
This suggests that the observed increase in chloride ions
relative to sulfate on the sample surfaces cannot be attributed
solely to changes in RH.

Additionally, the increase of element-to-sulfur ratios upon
NH3 exposure is more significant in the MA Salt Lake brine
sample compared to the DLT Playa salt sample. Correspondingly,
the S : O ratio in Fig. 3h exhibits a decrease upon NH3 exposure for

the MA Salt Lake brine sample while no significant change is
observed for the DLT Playa salt sample. This indicates that SO4

2�

is further suppressed on the surface of the MA Salt Lake brine.
When comparing the bulk compositions of the MA Salt Lake brine
and DLT Playa salt samples, the primary difference is that the MA
Salt Lake brine has a considerably higher Mg2+ fraction and a
lower Na+ fraction than DLT Playa salt, despite similar surface
compositions observed in the XPS survey. Notably, no Na+ ions
were detected on the surfaces of either MA Salt Lake brine or DLT
Playa salt samples, suggesting that Mg2+ is more surface-enriched
compared to Na+ in these salt mixtures. This surface enrichment
of Mg2+ over Na+ may play a role in the differential SO4

2�

depletion observed between the two samples. Further theoretical
modelling may be required to rationalize the intricate ion pairing
dynamics among different di/monovalent ions on the surface of
weakly hydrated crystals at different RH and ionic compositions.

3.3.2 Comparison of elemental ratios with increasing
MED. Elemental ratio variations with increasing MED (from
1.1 to 1.7 nm below the surface) provide insights into the
distribution of elements along the probed MED. These varia-
tions are compiled as trends in Table 2. A consistent increase in
elemental ratios with increasing MED is classified as an
increasing trend (m), while a consistent decrease is classified
as a decreasing trend (k). If no significant changes or alternat-
ing increases and decreases are observed in the elemental
ratios with increasing MED, it is classified as no trend (—).

A decreasing trend with increasing MED is observed for all
nitrogen-to-element ratios of both samples, including N : O,
N : S, N : Mg and N : Cl in Fig. 3a–d. This suggests that
nitrogen-containing species are enriched at the topmost mole-
cular layers of the sample surfaces, even before NH3 dosing.
These nitrogen-containing species present before NH3 dosing
are potentially coming from the sample itself or can be due to
contamination from previous experiments involving NH3 dos-
ing, such as desorption from the chamber walls of the near
ambient pressure cell. A decreasing trend with increasing MED
is observed for all element-to-oxygen ratios of both samples,
including Cl : O, S : O and Mg : O, in Fig. 3e, h and i. This trend
is coherent with water uptake on the natural salt sample
surfaces, which is greater for the topmost molecular layers.

Table 2 Trends in elemental ratios with increasing mean escape depth for
MA Salt Lake brine and DLT Playa salt for NH3-free cases and NH3-exposed
cases. The trends are classified as increasing (m), decreasing (k) and no
trend (—)

Ratio

NH3-free cases NH3-exposed cases

MA DLT MA DLT

(a) N : O k k k k
(b) N : S k k k k
(c) N : Mg k k k k
(d) N : Cl k k k k
(e) Cl : O m m m m
(f) Cl : S — — — —
(g) Cl : Mg — — — —
(h) S : O m m m m
(i) Mg : O m m m m
(j) Mg : S — — — —
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No trend with increasing MED is observed for Cl : S, Cl : Mg and
Mg : S ratios in Fig. 3f, g and j, suggesting that these elements
are uniformly distributed within the probed MED.

3.4 Partial Auger–Meitner electron yield NEXAFS

The addition of water vapor and ammonia to the MA Salt Lake
brine and DLT Playa salt samples induces notable changes in
the partial Auger–Meitner electron yield NEXAFS oxygen K-edge
spectra, as illustrated in Fig. 4. The spectra are divided into
four regions: (I) 530–531.5 eV and (II) 534–536 eV, (III) 536.5–
538.5 eV, and (IV) 540–543.5 eV.

In region I (530–531.5 eV), the feature has been previously
associated with the electronic transition from the 1a1 molecu-
lar orbital to the 2b1* unoccupied molecular orbital in nitrate
(NQO),48 as well as the electronic transition from the oxygen 1s
orbital into the p* unoccupied molecular orbitals in carbonyl or
carboxyl functions (CQO).49 Here, no nitrate species are observed
in the high-energy resolution XPS spectra in Fig. 2b, g, l and q nor
in the IC results in Table 1, hence the feature observed in region I

is not likely from nitrate. Rather, this feature most probably
comes from carbonyl or carboxyl functions, most probably attri-
butable to carbon contamination. The presence of oxidized
carbon species on both MA Salt Lake brine and DLT Playa salt
sample surfaces is notably revealed by high-energy resolution XPS
spectra for C 1s in Fig. S7 and S13 (ESI†). Such contamination is a
common problem in APXPS.50 Here, carbon contamination is
particularly prominent at low RH (6 and 7%), with the highest
intensity observed at 7% RH for the MA Salt Lake brine sample, in
Fig. 4a and b, and 6% RH for the DLT Playa salt sample, in Fig. 4c
and d. In the NH3-exposed cases, the intensity of this feature
diminishes significantly, likely due to NH4

+ formation on the
surface. Nonetheless, previous studies reported features at photon
energies similar to region I to be associated with other species,
including metal oxides, such as magnesium oxide (MgO), and
species containing oxygen–oxygen (O–O) bonds, such as peroxide
ions.51,52 Notably, peroxide ions have been identified as respon-
sible for the feature at 530.3 eV in amorphous alumina (Al2O3),
with their formation believed to be induced by X-ray photon

Fig. 4 Partial Auger–Meitner electron yield NEXAFS spectra of oxygen K-edge for solid natural salts from brine (a) and (b) and salt (c) and (d) samples of
MA Salt Lake and DLT Playa, respectively. These spectra were taken at different RH and partial pressures of the NH3/N2 mixture. Edge-jump normalization
of the spectra of MA Salt Lake brine (a) and (b) and DLT Playa salt (c) and (d) was performed using the energy regions 525–530 eV and 547–552 eV.
Differential spectra for MA Salt Lake brine (b) were obtained by subtracting the oxygen K-edge spectra at 7% RH after normalization. Similarly, differential
spectra for DLT Playa salt (d) were obtained by subtracting the oxygen K-edge spectra at 6% RH after normalization.
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irradiation.53 Regarding the complex chemical composition of the
samples, the experimental conditions, and the likely amorphous
nature of the salt surfaces, the presence of these species on the
salt surfaces cannot be excluded.

Region II (534–536 eV) has been previously associated with
uncoordinated water molecules in liquid water and on ice
surfaces.51,54 Here, the intensity of region II in the difference
spectra of MA Salt Lake brine and DLT Playa salt (Fig. 4b and d)
increases with increasing RH. More water is taken up and
observed at higher RH, thus increasing the intensity with
increasing RH because more uncoordinated water molecules
are present on the surface. The intensity in region II increases
even further in the NH3-exposed cases, likely due to NH4

+

formation on the surface, which consequently increases the
amount of uncoordinated water molecules. Additionally, an
energy shift towards higher energy can be observed in the
difference spectra, notably for MA Salt Lake brine exposed to
17% RH and 2.75 mbar of the NH3/N2 mixture in Fig. 4b.
Energy shifts were previously reported upon addition of alkali
metal ions in liquid water and subsequent hydration of ions,
with cations having a more pronounced effect than anions.55

Here, the shift towards higher energy could be related to NH4
+

formation on the salt surfaces and their subsequent hydration.
Region III (536.5–538.5 eV) is linked to oxygen atoms in

sulfate, and similar features have been observed in (NH4)2SO4

and MgSO4.11,56 In the differential spectra for MA Salt Lake brine
(Fig. 4b), region III exhibits negative values, which are even more
negative in the NH3-exposed cases. This suggests that upon the
addition of water vapor and ammonia, the presence of sulfate on
the sample surface diminishes, consistent with the elemental
ratios shown in Fig. 3. Contrastingly, for the DLT Playa salt,
changes in region III are less pronounced. This is also consistent
with Fig. 3, where the element-to-sulfur ratios for DLT Playa salt
(N : S, Cl : S, and Mg : S in Fig. 3c, f, and j) exhibit a smaller
increase from NH3-free cases to NH3-exposed cases in compar-
ison with MA Salt Lake brine. Nonetheless, the differential
spectra of DLT Playa salt with subtraction of NEXAFS O-Kedge
spectra at 0% RH (Fig. S14, ESI†) exhibit negative values,
suggesting that exposure to a humidified atmosphere decreases
sulfate ions on the salt surface. This may result from competi-
tion between chloride and sulfate for solvation, as suggested by
molecular dynamics simulations in our previous study, which
showed that on a MgCl2�8H2O crystal, Cl� exhibits a greater
tendency for solvation than SO4

2�.11

Region IV (540–543.5 eV) corresponds to adsorbed water, as
indicated by previous studies showing its growth with increas-
ing RH.11,12,57 Here, region IV increases in intensity as RH rises
for both MA Salt Lake brine and DLT Playa salt samples. This
behavior is consistent with the expected uptake of water at
natural salt samples surfaces, particularly at higher RH levels.

4. Atmospheric implications

The phenomena observed in this study may have important
implications for atmospheric processes involving primary

natural salt particles, such as atmospheric chemistry and cloud
properties. The enrichment of Cl� on the salt sample surfaces
suggests an increase likelihood for its volatilization. This volati-
lization, known as the dechlorination process, has been widely
studied for pure salt systems, both solid and deliquesced. In
these systems, acid displacement reactions driven by the addi-
tion of acidic compounds (e.g., HNO3, H2SO4) or the oxidation
reaction by atmospheric oxidants (e.g., N2O5, NOx, O3) are
considered as the main pathways.28,29,58 However, studies invol-
ving more complex salt systems such as natural salts are limited,
particularly for low RH conditions.27,28 Here, we show that the
dechlorination process could also occur in complex salt systems,
highlighting its potential occurrence in the atmosphere on
primary natural salt particle surfaces from terrestrial sources.
The release of chlorine-containing gas-phase compounds has
important consequences for atmospheric chemistry, as they
affect stratospheric ozone and air pollution.16,27,30,59

The increased amount of NH4
+ on the salt surfaces reveals

the conversion of NH3 to NH4
+ under low RH conditions. In the

atmosphere, the gas-to-particle conversion of NH3, a highly
soluble base, to NH4

+ is primarily known to occur in aqueous
phase reactions, but some studies have shown that this process
can also occur on solid aerosol particles, such as sulfuric acid
and organic acid particles.60–62 Here we show that gas-to-
particle conversion of NH3 to NH4

+ could also occur on the
surfaces of solid primary natural salt particles, thereby leading
to the formation of SIAs. This finding enhances our under-
standing of gas-to-particle conversion processes, particularly in
regions where primary natural salt particles are abundant and
dry conditions (low RH levels) prevail.

The simultaneous increase in Cl� and NH4
+ on the surface

of solid natural salt samples suggests the potential formation of
NH4Cl, or, upon dechlorination, the possible formation of other
ammonium salts such as (NH4)2SO4. In the atmosphere, the
chemical composition of primary natural salt particles plays a
crucial role in determining their impact on cloud properties,
particularly regarding droplet and ice crystal formation. For droplet
formation, the cloud condensation nuclei (CCN) activity of salts
varies significantly with their composition.63 For ice formation,
(NH4)2SO4 has been identified as an important ice nucleating
particle (INP) by deposition freezing mode in the atmosphere,
notably for cirrus clouds.64 Additionally, the NH4

+ ion has been
shown to promote the ice nucleation activity of mineral feldspar
through immersion freezing.65 This effect is particularly relevant
for primary natural salt particles in arid regions, as they are often
mixed with mineral dust particles.4,5,66–68

5. Conclusions

This study investigates phenomena occurring on surfaces of
solid natural salt samples upon addition of NH3 under low RH
conditions. In NH3-free cases (water vapor only), XPS results
show evidence of water uptake on the sample surfaces. These
results are supported by the presence of a feature for adsorbed
water in the oxygen K-edge partial Auger–Meitner electron yield
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NEXAFS spectra. In NH3-exposed cases (water vapor plus a mix
of NH3/N2), XPS results reveal the uptake of nitrogen-
containing species, along with surface enrichment of Cl� ions.
The Cl� enrichment is likely driven by the formation of NH4

+ on
surfaces, for which cation–anion neutralization appears to be
outcompeted by Cl� rather than other anions such as SO4

2�.
This suggests a competitive dynamics between anions in the
neutralization process. This description is supported by the
oxygen K-edge partial Auger–Meitner electron yield NEXAFS
spectra, wherein a decrease in the SO4

2� feature and an increase
in the feature associated with uncoordinated water likely from
NH4

+ formation are observed. The findings of this study high-
light the need for deeper investigations into the mechanisms of
ion interactions on surfaces of salts and their broader implica-
tions in atmospheric processes. Notably, the potential dechlor-
ination process and modification in the physicochemical
properties of the solid primary natural salt surfaces reveal
potential impacts on air pollution, the stratospheric ozone layer
and the water cycle.
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