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Abstract. Understanding the physicochemical properties of inorganic aerosol mixtures is important for accurately predicting 

their atmospheric behavior and climate impacts. Here, we apply in‑flight X‑ray photoelectron spectroscopy (XPS) to study 

particle- and gas‑phase chlorine in aerosols generated from nebulized mixed NaCl and (NH4)2SO4 solutions. By detecting Cl 

2p photoelectrons from the particle surface and gas‑phase hydrogen chloride (HCl), we provide experimental evidence of 

gaseous HCl formation during aerosol generation and drying. The dual‑phase capability of the in‑flight XPS approach enables 20 

clear identification of how relative humidity (RH) and aerosol mass concentration influence Cl gas-particle partitioning. We 

demonstrate that HCl formation is strongly dependent on the RH after drying, with increasing HCl evaporation as the RH 

decreases from 40% to 10%, while the extent of HCl formation remains largely independent of the aerosol mass concentration 

within the range 1700 µg/m³ - 6500 µg/m³. The results provide direct confirmation of key processes governing HCl partitioning 

in mixed inorganic aerosols and contribute to a better understanding of aerosol chemistry, relevant for atmospheric modeling 25 

and climate prediction. These findings further demonstrate the power of combining intense synchrotron radiation, XPS, and 

an in‑flight aerosol sample‑delivery system. 

 

1. Introduction 

Atmospheric aerosols are generated through a wide range of natural and anthropogenic processes. The sources of aerosols are 30 

diverse and so too are their composition, often consisting of complex mixtures of organic and inorganic components, trace 

metals, in various mixing states and chemical forms. 

In the atmosphere, aerosol particles play a crucial role through their interaction with water vapor, contributing to the formation 

of cloud and fog droplets, and ice crystals. These interactions significantly influence Earth’s radiation balance (e.g., global 
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climate) (Calvin et al., 2023) and affect both global and regional hydrological systems (Ramanathan et al., 2001). Furthermore, 35 

aerosol particles are essential to atmospheric chemistry, participating in numerous chemical transformations (Andreae and 

Crutzen, 1997; Li and Kuwata, 2023).  

Understanding the chemistry of aerosol particles is necessary for accurately modeling and predicting their atmospheric 

residence time, transport of pollutants, and impact on global climate (George and Abbatt, 2010). The interactions between 

various components in the atmosphere, between particles and gas-phase species, and effect on cloud nucleation are highly 40 

complex and remain an active area of research (Prisle, 2024; Zieger et al., 2017). 

As the particle water uptake and chemistry of inorganic mixtures is considered generally well understood, any deviations from 

expected outcomes have often been attributed to the less understood effects of organic components (Hallquist et al., 2009; 

Prisle et al., 2010). However, in a previous study, involving the nebulization and drying of solutions containing four prevalent 

atmospheric ions: Na+, Cl–, NH4
+, and SO4

2–, we provided evidence that the evaporation of HCl and NH3 during drying of 45 

droplets can, under commonly occurring conditions, significantly alter the chemical composition of the dried particles (Rissler 

et al., 2023). The evaporation is expected to be most pronounced when the particles exist as supersaturated salt solutions.  

Neglecting such losses of the solute to the gas phase may result in erroneous interpretation of, for example, laboratory 

experiments of particle water uptake. The impact of evaporation on particle water uptake is most pronounced for particles 

containing both hygroscopic inorganic components and less hygroscopic substances, such as high molecular weight organics. 50 

This is because, as inorganic ions are lost, the relative share of less hygroscopic organic material increases which reduces the 

overall particle hygroscopicity (Rissler et al., 2023; Svenningsson et al., 2006). Similarly, Gorai et al., 2014, studied the 

hygroscopic properties of laboratory generated NaCl particles mixed with malonic acid and glutaric acid attributed the 

depletion of chloride to the HCl evaporation from dehydrating particles. Detailed thermodynamic models, such as the E-AIM 

model, predict the evaporation of certain inorganic species (Clegg et al., 1998). However, evaporation of inorganic species is 55 

rarely acknowledged or accounted for in practice, although it typically occurs at aerosol mass concentrations commonly used 

in lab experiments. In droplets containing Na+, Cl–, NH4
+, and SO4

2–, gas-particle partitioning depends on aerosol mass 

concentration in the system, and the evaporation becomes most evident at low concentrations typically relevant for atmospheric 

conditions. E-AIM further predicts a dependence of the evaporation on relative humidity (RH), with HCl evaporation from 

droplets becoming more pronounced at lower RH (Rissler et al., 2023). The evidence for the evaporation of components to the 60 

gas phase presented by Rissler et al. (2023) was concluded from observations of alterations between measured and model-

predicted particle hygroscopic growth, and a concentration-dependent shift in the molar ratio of NH4
+ to SO4

2- in the particle 

phase, but no gaseous components were confirmed.  

Here, we present direct observations of particle surface and gas-phase chlorides, confirming HCl formation and its dependence 

on RH and aerosol mass concentration during drying of droplets from nebulized solutions of NaCl mixed with (NH4)2SO4. It 65 

was investigated using an aerosol sample-delivery system (ASDS) designed for in-flight X-ray Photoelectron Spectroscopy 

(XPS) measurements on aerosols (Preger et al., 2024). In-flight XPS has previously been employed to examine surface 

enrichment in salt mixtures (Antonsson et al., 2015; Kong et al., 2025; Pelimanni et al., 2022), organic mixtures (Deal et al., 
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2025), and the influence of organic components on the surface composition of inorganic mixtures (Unger et al., 2020). The 

set-up also allows in-situ studies of particle and gas-phase simultaneously, such as Cl at particle surface and in the gas-phase. 70 

The surface and gas contributions are well separated in the XPS spectrum due to the large relative shift in binding energy, 

which allows us to assess HCl release under varying aerosol mass concentrations and RH. 

2. Methods 

2.1 Aerosol generation 

NaCl and (NH4)2SO4 were mixed in MilliQ-water in molar ratios of 2:1, resulting in an ion molar ratio of 1:1:1:0.5 (Na+:Cl–75 

:NH4
+:SO4

2–) in the solution. Three solutions, all with the same ion molar ratio, were prepared with different total 

concentrations of the salt in the mixture: 1, 0.5, and 0.25 g/l.  The salt solutions were nebulized using a constant output atomizer 

(TSI model 3076) with N2 as the carrier gas. The aerosol passed through two diffusion dryers (TSI 3062-NC and TOPAS DDU 

570/H) before it entered the ASDS. The RH of the aerosol after the drying was varied by different water content in the silica 

gel and continuously monitored using an RH monitor (VelociCalc Model 9565). The particle number size distribution of the 80 

dried particles was measured in parallel using a Scanning Mobility Particle Sizer (SMPS, TSI 3082). 

2.2. X-ray photoelectron spectroscopy 

The ASDS (Preger et al., 2024) was utilized at the gas-phase end station (GPES) (Kooser et al., 2020) of the FinEstBeAMS 

beamline (Chernenko et al., 2021) at MAX IV Laboratory, Lund, Sweden. The ASDS operates by continuously transporting 

aerosol particles and gas molecules from atmospheric pressure to a measurement chamber under high vacuum (10-6 mbar with 85 

aerosol load) for in-flight XPS measurements.  

Using the in-flight system, the aerosol being sampled is continuously renewed, which minimizes the risk of beam damage and 

charge buildup (Preger et al., 2024). Furthermore, it lowers the risk of oxidation or other surface alteration that may occur 

between the sample preparation (e.g., generation and deposition onto a substrate) and measurement. A prominent feature of 

the ASDS is that it enables simultaneous XPS measurements of particle surfaces along with the gas phase accompanying the 90 

particles during the process of aerosol generation.  

The aerosol pathway from nebulization to XPS measurement is depicted schematically in Figure 1. The aerosol was introduced 

to the ASDS through a 140 µm critical orifice, resulting in a constant aerosol flow rate of 0.18 lpm (at atmospheric pressure) 

into the ASDS. The excess aerosol flow was either led to the SMPS or released to an exhaust line. The aerosol entering the 

ASDS flows through a relaxation tube before being transmitted through an aerodynamic lens (Aerodyne PM1) (Liu et al., 95 

1995). The aerodynamic lens consists of a series of orifices that collimate and form a narrow beam of particles in the aerosol. 

The orifice dimensions in the aerodynamic lens are described in detail by Zhang et al. (2004). After the aerodynamic lens, the 

collimated aerosol particle beam passes through a 1.5 mm conical skimmer separating the ASDS chamber from the GPES 
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chamber at FinEstBeAMS. In this step, most gas molecules are skimmed away, reducing the pressure from 10⁻³ mbar range in 

the ASDS chamber to 10⁻⁶ mbar range in the GPES chamber, while the aerosol particles continue to travel as a narrow beam 100 

with minimal losses. In the GPES chamber, the narrow aerosol particle beam and gas molecules cross the photon beam. As a 

result of the interaction between the aerosol and the photon beam, electrons are emitted. Some of these electrons are emitted 

in the directions of the entrance to the SCIENTA R4000 electron analyzer, where their kinetic energies are analyzed.  

When the ASDS is coupled to the GPES, the electron analyzer of the GPES is positioned vertically to the incoming photon 

beam. To maximize photoelectron signal intensity in the direction of the electron analyzer, the radiation source of the beamline, 105 

an elliptically polarizing undulator, was set to provide light with vertical linear polarization. The Cl 2p photoelectron spectra 

were measured at 273 eV photon energy. The photon energy was chosen such that the kinetic energies of the detected 

photoelectrons would be about 70 eV to achieve high surface specific measurement sensitivity. All spectra were recorded using 

a 300 µm exit slit for the beamline, as well as 100 eV pass energy and a 1.5 mm straight slit for the electron analyzer, providing 

a total instrumental resolution of approximately 500 meV. The energy scale was calibrated using the Cl 2p3/2 feature of the 110 

HCl gas molecules. The Cl 2p3/2 feature consists of two close-lying components arising from molecular-field splitting, which 

are not resolved here. The average binding energy of the two components, 207.4 eV, was used for energy calibration (Ellingsen 

et al., 1997). 

 

 115 

Figure 1: Experimental setup. The salt solutions were aerosolized by a constant output atomizer, and the droplets were 

dried in two diffusion dryers. The aerosol was directed to i) an SMPS to monitor the particle number size distribution, 

ii) to an exhaust line with an RH monitor, and iii) to the ASDS for in-flight XPS measurements. The aerosol enters the 
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ASDS through a 140 µm critical orifice before the aerosol particle beam is collimated and narrowed by an aerodynamic 

lens. The interaction with the photon beam takes place in a vacuum chamber separated from the aerodynamic lens 120 

chamber by a conical skimmer. 

2.2. Thermodynamic modeling using E-AIM 

The thermodynamic equilibrium model E-AIM (http://www.aim.env.uea.ac.uk/aim/aim.php, Model III, Clegg et al. 1998) was 

used to evaluate the gas-phase/aqueous-phase partitioning. The concentrations modeled (in moles solute per cubic meter of 

air) were in a range that corresponded to the aerosol mass concentrations used in the XPS measurements, estimated from the 125 

SMPS data. The three concentrations of the ions modeled (Na+; Cl-; NH4
+; SO4

2-) were (1.34; 1.34; 1.34; 0.67)·10-5 mole/m3, 

(2.42; 2.42; 2.42; 1.21)·10-5 mole/m3, and (5.17; 5.17; 5.17; 2.59)·10-5 mole/m3. These concentrations correspond to the aerosol 

mass concentrations of 1660, 3020, and 6450 µg/m3, respectively. To be able to model the efflorescence branch of the 

hygroscopic growth curve, no crystal forms were allowed. The efflorescence branch corresponds to supersaturated solutions 

being formed during the drying of the solution droplets. E-AIM only models the bulk chemistry and the gas phase, while the 130 

surface-bulk partitioning of ionic compounds is not considered. 

3. Results 

3.1. Aerosol particle generation 

The aerosols generated from solutions of different concentrations (1, 0.5, 0.25 g/l) and at 40% RH were analyzed with the 

SMPS. The three concentrations showed a noticeable shift in dry particle mobility size distribution (Figure 2a). As expected, 135 

both the total particle mass concentration and the geometric mean particle diameter decreased with lowered salt concentration 

in the solutions (Figure 2b-c). The surface weighted size distributions, also shown alongside with number size distributions in 

Figure 2a, provide a relative measure of cross section between the particles and the photon beam during the XPS measurements. 

For the surface weighted geometric mean diameter of the distributions, the reduction in size was from 114 nm to 83 nm (Figure 

2b, squares), which falls well within the range where the transmission efficiency in the aerodynamic lens is above 90% (Liu 140 

et al., 2007). Assuming spherical particles with a dry density of 2.00 g/cm³ (for comparison, densities of NaCl: 2.16 g/cm3, 

Na2SO4: 2.66 g/cm3, NH4Cl: 1.53 g/cm3, (NH4)2SO4: 1.77 g/cm3), the resulting aerosol mass concentration obtained from 

SMPS was estimated to range between 1660 µg/m³ and 6450 µg/m³ (Figure 2c, diamonds). 
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Figure 2: (a) Particle mobility size distributions of salt solutions at different mass concentrations (left panel). The 145 

dashed lines are the number size distributions (dN/dlogDp), and the solid lines are the weighted surface concentrations 

(dS/dlogDp) which assume spherical particles. In panel b and c, the surface weighted geometric mean diameter (b, blue 

square) and the total mass concentration (c, red diamond) are plotted against the salt concentration in the solution. 

3.2. Gas-particle partitioning 

Figure 3 presents the Cl 2p photoelectron spectra of aerosols generated with different aerosol mass concentrations and different 150 

RH, with black lines indicating the results from peak fitting. RH refers to that measured in the aerosol flow after the dryers. 

Each spectrum contains four peaks arising from two pairs of spin-orbit-split Cl 2p doublets. In the analysis of the spectra, each 

doublet was fitted with the characteristic 2:1 area ratio and a fixed spin-orbit-splitting of 1.6 eV (Barrie et al., 1974). The 

doublet at lower binding energy (202-205 eV) is attributed to the Cl signal from the particle surface and the doublet at higher 

binding energy (207-210 eV) is attributed to hydrogen chloride (HCl) gaseous molecules (Kivilompolo et al., 2000). The full 155 

width at half maximum (FWHM) of the fitted peaks was set to 1.15 eV (±0.05 eV) for the Cl (particle) doublet and 0.57 eV 

(±0.05 eV) for the HCl gas molecule doublet. All spectra have been normalized to the measurement time, thus the signal 

intensities of the spectra are intercomparable. 
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Figure 3: Cl 2p photoelectron spectra. Panels a) and b) show the Cl 2p particle and HCl gas signal with different aerosol 160 

mass concentrations at a fixed RH (40% and 10%). In c) the aerosol mass concentration is fixed (6450 µg/m3) and RH 

changes. By lowering the aerosol mass concentration while keeping the RH fixed, the particle signal decreases, while 

minor changes are observed for the gas signal (a-b). In contrast when lowering the RH but keeping mass concentration 

fixed, the HCl (g) signal clearly increases, and the particle signal appears unchanged (c). 

 165 

Figure 3 shows how the relative signal intensities from Cl 2p in the particles and the gas phase change with the aerosol mass 

concentration and RH. Figure 3a shows how the photoelectron signal of the Cl from the particles measured at 40% RH 

decreases with lowered mass concentration while the HCl (g) remains low and nearly unaffected at the different mass 

concentrations. Figure 3b shows the same as in Figure 3a but at a lower RH, in this case 10%. The main difference in the 

photoelectron spectra between the high (40%) and low (10%) RH is the intensified HCl (g) signal at low RH.  Figure 3c 170 

displays how the intensities of the Cl 2p peaks change with RH while the aerosol mass concentration remains constant. As the 

RH decreases, the particle signal appears unaffected, while the HCl (g) signal intensifies, indicating that the Cl- ions are pushed 

into the gas phase, however, not to an extent that it strongly influences the XPS particle signal. The spectra shown in Figure 3 

are not compensated for changes in cross section between particles and photons induced by broadened aerosol beam with 

decreasing particle size (which is examined in greater detail in Figure 5). 175 

The intensity of the Cl 2p signal from the particle phase and the gas phase cannot be used for absolute quantification purposes. 

This is because the gas molecule jet, due to the gas molecules high diffusivity, rapidly expands after exiting the aerodynamic 

lens. The measured HCl (g) signal will therefore depend on how much gas enters through the skimmer separating the ASDS 

from the GPES, which is strongly influenced by the alignment and the distance between the aerodynamic lens and the skimmer. 

In contrast, the aerosol particles travel as a collimated and narrow beam after the aerodynamic lens exit, and the signal intensity 180 

will not change much by moving the lens closer to the skimmer. Since the position of the aerodynamic lens and the pressure 

in the GPES remained constant throughout the series of measurements, the HCl (g) signals can be used to identify relative 

changes in the intensity ratios of the individual spectra, thereby allowing differences in HCl formation to be estimated. 
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The formation of HCl is expected to occur when the wet aerosol droplets are dried in the dryers, while no evaporation is 

expected when they enter the vacuum chamber. To test this hypothesis, a particle filter was placed just before the ASDS 185 

entrance to filter out all particles but still letting through the gas (including gaseous HCl). With the particle filter, the doublet 

associated with the particles disappeared (as expected) while the HCl doublet remained at the same intensity as in the spectrum 

without particle filter (Figure 4). From this we conclude that the observed HCl formation is not an experimental artifact arising 

from particles travelling in vacuum. The observation also suggests that losses of HCl (g) in the particle filter are negligible. 

 190 

Figure 4: Photoelectron spectra from sampling with particle filter (blue dots) and without particle filter (yellow dots) 

in front of the ASDS. By adding a particle filter, the doublet at 202-205 eV attributed to Cl in the particles disappears. 

At the same time the second doublet at 207-210 eV, attributed to HCl gas molecules, remains with similar signal 

intensity. 

 195 

Figure 5 shows the intensity of the Cl 2p signal from particles (Ipart) and from the gaseous HCl (Igas) for different aerosol mass 

concentrations, as a function of RH.  The intensities are obtained from the peak fitting of the Cl 2p spectra, described in detail 

in previous paragraphs. The signal from the particles (Ipart) in Figure 5a has been normalized to the total particle surface area 

concentration derived from the SMPS to account for variations in the total particle surface area over the experiments, due to 

variations in particle size and number concentration. The XPS signal intensity scales with particle surface area concentration 200 

as the surface area determines the effective cross-section exposed to the incident photons. In addition, Ipart has also been 

adjusted for size dependent differences in aerosol particle beam broadening between samples occurring after the particles exit 

the aerodynamic lens. This has been calculated using the aerodynamic lens calculator (Wang and McMurry, 2006), using the 

surface weighted geometric mean diameter from Figure 2b.  

After taking the total particle surface area and the effect of particle beam broadening into consideration, the aerosol mass 205 

concentration was shown to have no clear effect on the amount of Cl in the particle phase (Figure 5a). Figure 5b shows the E-

AIM modeled aqueous concentration of Cl- ions in the droplet (Cpart) as the RH is lowered, taking losses of Cl- due to the 
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formation of HCl into account. The Cl- concentration is normalized to the initial molar concentration (C0) of Cl- to allow a 

direct comparison between the different ion concentrations. The results in Figure 5b predict a minor concentration dependence 

on both the aerosol mass concentration and RH in the experimental range used here. At lower mass concentration the Cl - 210 

concentration is slightly decreased when lowering the RH. Yet, the trend is not very strong, as all concentrations are above 

88% of the initial concentration. The modeled results support the XPS results, although the small, predicted change cannot be 

confirmed in the experiments, likely due to experimental uncertainties. 

 

Figure 5: The left panels (a and c) show the variation of the normalized Cl 2p peak area from Cl in the particle phase 215 

(a) and gas phase (c) with RH for different aerosol mass concentrations. The right panels (b and d) show the 

corresponding modeled results by E-AIM. The normalization in (a) has been done with respect to total surface area of 

the particles and aerosol particle beam broadening. 
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In contrast to the almost constant Cl particle signal over RH, the HCl (g) signal measured with XPS shows a strong RH 220 

dependence (Figure 5c). At the same time, the signal from the gaseous HCl appears independent of the aerosol mass 

concentration. The same trend is also predicted by E-AIM modeling at similar concentrations as in the ASDS experiment (Cgas 

in Figure 5d). The increased HCl formation with decreased RH (Figure 5c-d) follows model predictions presented in Rissler 

et al. (2023). It should be noted that the mass concentrations used in Rissler et al. (2023) were lower (10-7 – 10-5 mol/m3) than 

those used in the current work, which is also the reason why the change in the particle composition of the particles is more 225 

pronounced in the earlier study than here. At lower concentrations, HCl formation is expected to exhibit stronger RH 

dependence, and the relative loss of Cl to the gas-phase is higher. At the higher aerosol mass concentrations used here, the HCl 

formation still retained RH dependence, but the aerosol mass concentration dependence is weaker. Under these conditions the 

equilibrium HCl level is reached with only minor relative changes in the particle-phase Cl. 

At first, it may seem counterintuitive that the HCl signal increases with decreasing RH while the Cl particle signal remains 230 

unchanged. Consider, however, the example of a 100 nm particle shrinking 2 nm due to evaporation of HCl. The 4% reduction 

in particle surface area will not appreciably change the particle-phase Cl XPS signal but produces a considerable and 

measurable increase in the gas-phase Cl signal.   

The results and trends shown in Figure 5 follow the earlier observations and hypothesis presented by Rissler et al. (2023), 

where the bulk ratio of ionic compounds was measured using bulk-sensitive aerosol mass spectrometry (AMS) while varying 235 

the aerosol mass concentration. Thus, in that earlier study, the evidence of losses of Cl to the gas phase was based on changes 

observed in the composition of the solid particles, while the HCl (g) was never detected experimentally. Furthermore, that 

study did not present any experimental proof of the RH dependence of the evaporation although theoretically predicted in the 

paper. In the current study, the in-flight aerosol XPS method applied enables the detection of gaseous HCl, thereby confirming 

the mass-dependence effect through simultaneous observations of the distinct XPS signals from Cl in the particle and gas 240 

phase. 

3.3 Surface components  

By analyzing the chemical shifts in the binding energy of Cl photoelectrons emitted from the particles, information about the 

chemical species formed in the outermost nanometers of the dried particles can be obtained.  

In Figure 6a, the Cl 2p photoelectron spectrum from aerosol particles generated from the mixture of NaCl and (NH4)2SO4 is 245 

compared to those of pure NaCl and NH4Cl, generated, dried and measured using the same experimental set-up. Due to the 

difference in the chemical environments of Cl in the two compounds, the measured Cl 2p3/2 reference binding energy in NaCl 

(202.87 eV) is higher than in NH4Cl (202.25 eV).  

Figure 6b shows the measured binding energy of Cl at the three aerosol mass concentrations investigated, as a function of RH. 

In the salt mixture, the Cl 2p3/2 binding energy of Cl falls between the values observed for pure NH4Cl and pure NaCl but lies 250 

closer to that of NH4Cl. The binding energy varies with RH, being highest at 40% RH across all three concentrations, whereas 
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concentration itself had little effect. This indicates that the surface properties of the aerosol particles are influenced by RH but 

not by the aerosol mass concentration. Addition of water to NaCl surfaces studied using ambient-pressure X-ray photoelectron 

spectroscopy (APXPS) has been shown to shift the binding energy towards lower energies in both crystals (Verdaguer et al., 

2008) and nanoparticles (Lin et al., 2021) due to surface discharging effects. This effect is not expected to occur in the present 255 

study because the aerosol particles are freely suspended and are not in contact with a supporting substrate. Instead, changes in 

the electronic work function of the aerosol particles associated with changes in surface properties may contribute to the 

observed binding-energy shifts (Preger et al., 2025).  

Another explanation is a change in the surface composition of the particles with RH. For coarse, larger particles, E-AIM 

modelling predicts that the resulting dried particles are expected to have a mixed composition of NH4NaSO4·H2O, Na2SO4, 260 

NaCl and NH4Cl, with NH4Cl being the dominant component (Tobon et al., 2021). However, resolving the two Cl-containing 

components in the mixed Cl spectrum is challenging. The energy resolution of the measurements is approximately 500 meV, 

while the FWHM of the measured Cl peaks is approximately 1.15 eV. Furthermore, the separation between the Cl peaks of the 

two reference salts is only approximately 0.6 eV. A linear combination of the reference spectra would, in principle, allow the 

individual contributions from NaCl and NH4Cl to be attained. However, for reliable confirmation, the spectra would require 265 

higher energy resolution to determine whether the observed changes in Cl binding energy with RH arise from changes in the 

surface composition of the particles or due to shifts in their electronic work function.  

Consistent with our findings in the current study, also during the generation and drying of NH4Cl, HCl is formed (and likely 

NH3, although not measured), whereas for NaCl no HCl gas peak could be observed.   

 270 
Figure 6: (a) Cl 2p photoelectron spectra of aerosol mixture (yellow dots) and reference aerosol (NaCl, blue dots, and 

NH4Cl, green dots). (b) Cl 2p3/2 (particle) peak binding energy for different aerosol mass concentrations as the RH is 

changed. Pure NaCl and NH4Cl measurements are added as references points. 
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4. Conclusions 

This study confirms the formation of gaseous HCl from aerosols nebulized from a mixed solution of NaCl and (NH4)2SO4, by 275 

applying in-flight XPS to simultaneously probe particle-phase and gas-phase Cl. By detecting Cl 2p photoelectrons from both 

the outermost surface of the dry particles and from gaseous HCl, we demonstrate clear formation of gaseous HCl during aerosol 

generation and drying. Further, this dual-phase measurement enabled investigation of how aerosol mass concentration and RH 

during drying of nebulized solutions govern the loss of Cl from the particle phase to the gas phase, via the formation of HCl. 

We show that there is a strong RH dependent formation of HCl, where the Cl 2p signal from the gas increases when lowering 280 

the final RH in the dryer from 40% to 10%. At the same time, in the aerosol mass concentration range investigated, HCl 

formation is almost independent on the aerosol concentration. In the concentration range investigated here, the predicted 

differences are small, likely too small to be observed with the current experimental set-up.  

In the salt mixture, the binding energy of Cl 2p photoelectrons from the particle phase lies close to that of NH4Cl, but slightly 

higher. Furthermore, the binding energy increases with RH. This trend may be caused by changes in surface composition 285 

favoring formation of pure NH4Cl on the particle surfaces at low RH. These results follow the trend in HCl formation, with a 

dependence of RH, but appear to be independent of the aerosol mass concentration. 

The combination of a synchrotron radiation source with an in-flight aerosol sample delivery system enables direct XPS 

measurement of gas and particle phase compositional changes. Using this approach, we experimentally confirm key aspects 

of the behavior of laboratory generated NaCl and (NH4)2SO4 aerosol mixtures, thereby strengthening the chemical 290 

understanding required to accurately predict climate impacts. 
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