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Abstract. Here, we present measurements of inorganic and organic particles using a novel instrument that simultaneously

measures both acid and base compounds via temperature-programmed desorption: a Filter Inlet for Gases and AEROsols

(FIGAERO) combined with a Bipolar Time-of-Flight (BTOF) mass spectrometer. We measured particles from three different

sources: atomized salt solutions, aerosols formed in the CERN CLOUD chamber, and ambient aerosols from a site in New

York. We find that acids and bases do not desorb at temperatures characteristic of the volatilities of their pure compounds, but5

rather they desorb at higher temperatures that depend on particle composition related to the entropy of the ionic condensed

state, i.e. the lattice energy. For monoprotic acids, the desorption is rate-limited by a proton transfer reaction, evidenced by

simultaneous desorption of the neutral acid-base pair. For ammonium sulfate ((NH4)2SO4), we observe a step-wise release

of ammonia and increase of the sulfate-to-ammonia ratio: first to triammonium sulfate hydrogen sulfate ((NH4)3H(SO4)2;

letovicite), and then to ammonium hydrogen sulfate ((NH4)HSO4)). We find that organic acids and alkyl organosulfates also10

desorb at temperatures higher than those expected for their pure compounds, indicating reactive uptake. This suggests that a

large fraction of organic compounds in particles may be light, ionic species, rather than fragments of low-volatility oligomers.
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Our studies show that the FIGAERO-BTOF is a highly sensitive and versatile instrument for elucidating condensed-phase

aerosol chemistry.

1 Introduction

More than half of global cloud condensation nuclei originate from particle nucleation (Gordon et al., 2017), however, the gas-

phase species driving new particle formation and growth are not fully understood. This is largely because mass decreases with

the cube of diameter, making smaller particles increasingly difficult to chemically characterize. As a result, the composition of

freshly formed particles is often only inferred from the physical properties of aerosol (e.g. mobility diameter and number con-20

centration) and the chemical compounds in the gas phase. This relationship is dependent on volatility (i.e. vapor pressure) and

gas phase activity in equilibrium, which we will refer to as “non-reactive” condensation. Partitioning theory and frameworks

such as the volatility basis set (VBS) are suitable for predicting how ultra low and extremely low volatility organic compounds

(U/ELVOCs) drive nucleation and initial particle growth, followed by condensation of low volatility and semi-volatile organic

compounds that grow particles to the sizes of cloud condensation nuclei (Donahue et al., 2006, 2011). In the laboratory, these25

predictions compare well with observed growth rates (Stolzenburg et al., 2018) and condensed-phase composition measured

via thermal desorption (Lopez et al., 2025; Bhattacharyya et al., 2025).

The Filter Inlet for Gases and AEROsols (FIGAERO) is a filter-based temperature-programmed desorption inlet coupled

to chemical ionization mass spectrometry (CIMS), which is sensitive to extremely small (around 10 ng) mass concentrations

of organic aerosol (Lopez-Hilfiker et al., 2014). Although there is generally good agreement between experimental and pa-30

rameterized volatilities for α-pinene oxidation products (Lopez et al., 2025), up to 50% of the total desorbed signal cannot

be explained by partitioning according to Raoult’s or Henry’s Law, i.e. their mass fraction in the particles is anomalously

high (Lopez-Hilfiker et al., 2015, 2016; Schobesberger et al., 2018). This signal comprises excess small, organic molecules

in the particle phase that desorb at uncharacteristically high temperatures and are out of equilibrium with the gas phase. The

disagreement is generally attributed to the thermal decomposition of higher order oligomers such as ROOR dimers produced35

from RO2 accretion reactions that have an internal O−O peroxide bond with an energy equivalent to ∼80 ◦C desorption

temperature (Lopez-Hilfiker et al., 2015; Lopez et al., 2025).

Beyond oligomer formation, other reactive particle-phase reactions such as acid-base chemistry contribute to particle growth,

but are not yet characterized using temperature-programmed desorption. Inorganic species such as nitric acid (HNO3) and

sulfuric acid (H2SO4) have been previously reported using FIGAERO CIMS (Wang et al., 2020). However, acid desorption40

mechanisms are not understood and inorganic bases have not yet been measured. Consequently, temperature-programmed

desorption cannot shed light on most mechanisms of new particle formation and growth because acid-base chemistry explains

a large fraction of particle nucleation in nearly all regions of the present-day atmosphere (Gordon et al., 2017; Zhao et al.,
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2024). A notable exception is ion induced isoprene-driven nucleation in pristine, high altitude environments, such as above the

Amazon rainforest (Shen et al., 2024). Yet, even in remote regions, low levels of acid (< 106 cm−3) enhance nucleation rates45

by up to two orders of magnitude compared with pure organic cases, suggesting there is a non-linear enhancement between

reactive and non-reactive condensation pathways (Shen et al., 2024). FIGAERO CIMS has measured low-volatility organic

oxidation products and inorganic acids from particles formed from this synergistic isoprene-acid pathway (Shen et al., 2024),

but how these components interact remains an open question.

Here we present studies of the thermal desorption of inorganic and organic particles using a novel FIGAERO-BTOF, which50

combines a Filter Inlet for Gases and AEROsols (FIGAERO) with a Bipolar Time-of-Flight (BTOF) mass spectrometer that has

rapid (0.5 s) switching between negative and positive polarities. The FIGAERO-BTOF employs up to four ion sources which

are sensitive to a wide range of inorganic and organic compounds. In the negative polarity, two complementary ionization

schemes, bromide (Br−) and iodide (I−), detect inorganic acids and oxygenated organics (as previously used with unipolar

FIGAERO CIMS). In the positive polarity, acetone (C3H7O
+) and benzene (C6H

+
6 ) reagents detect inorganic bases and55

lightly oxygenated organics. Rapid switching between polarities achieves near-simultaneous measurements of acid and base

desorption.

2 Methods

2.1 FIGAERO inlet

The Filter Inlet for Gases and AEROsols (FIGAERO) is based on a temperature-programmed desorption technique coupled60

with chemical ionization mass spectrometry (CIMS) (Aerodyne Research Inc., Billerica, MA, USA and Tofwerk AG, Thun,

Switzerland) (Lopez-Hilfiker et al., 2014). Particles are first collected on a 5.0 µm pore polytetrafluoroethylene (PTFE) filter

(Millipore Sigma). After particle collection, a movable tray positions the filter in front of the ion molecule reactor (IMR) and

2.7 Lmin−1 ultrapure nitrogen flows over the filter for 1 minute, during which semi-volatile gases may partition at ambient

conditions. For the remaining 14 minutes, the nitrogen is heated at a rate of approximately 10 ◦Cmin−1 using a PID controller65

automated by EyeOn software (version 2.1.4.5). The filter reaches a maximum of 200 ◦C, which minimizes excessive covalent

bond breakage while spanning many orders of magnitude in volatility (Yang et al., 2021). The FIGAERO inlet can measure

particle chemical composition at extremely low aerosol mass concentrations (ngm−3), or ≥ 8 nm diameter, provided there are

no larger particles to interfere with the sample mass (Lopez-Hilfiker et al., 2014; Ye et al., 2019; Baalbaki et al., 2026).

There is a semi-empirical correlation between volatility and the enthalpy of vaporization (Donahue et al., 2006, 2011; Epstein70

et al., 2010). The temperature at which the maximum desorption rate occurs (Tmax) is related to the saturation concentration

(logc∗). The measured Tmax generally increases with particle diameter and filter mass loading due to a lagged response to

temperature changes (Thornton et al., 2020; Gramlich et al., 2026). Additionally, different thermocouple positions and heating

rates introduce instrument-specific variations in Tmax. Calibration with known standards like polyethylene glycols are used

to experimentally estimate the volatility of highly oxygenated organic molecules and other compounds for which we lack75

3

https://doi.org/10.5194/egusphere-2026-4542
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



authentic standards (Stark et al., 2017; Bannan et al., 2019; Ylisirniö et al., 2021, 2025). Size-dependent particle calibration

curves are included in the appendix.

2.2 Bipolar time-of-flight mass spectrometer

To the best of our knowledge, the FIGAERO inlet has so far been used exclusively with unipolar time-of-flight (TOF) mass

spectrometers operating with single negative reagent ions that include iodide (I−) (Lopez-Hilfiker et al., 2014), bromide (Br−)80

(Wang et al., 2021; He et al., 2021), and acetate (CH3COO−) ions (Lutz et al., 2019) . The FIGAERO inlet couples directly

to a reduced pressure, turbulent ion molecule reactor (IMR) typically held between 100-150 mbar with a 0.019” (0.48 mm)

pinhole located behind the filter.

In this study, the FIGAERO inlet couples to a Bipolar Time-of-Flight (BTOF) mass spectrometer that has rapid switching

every 500 ms between positive and negative polarities, followed by ion extraction into separate time-of-flight chambers. The85

BTOF front-end has a Vocus AIM (Adduct Ionization Mechanism) reactor, which couples to the FIGAERO inlet using a custom

polyether ether ketone (PEEK) adapter (Aerodyne, Billerica, MA, USA). The Vocus AIM reactor is a medium pressure (20-

500 mbar) IMR with temperature and relative humidity control described elsewhere (Riva et al., 2024). For these experiments,

the IMR was controlled at 50 mbar under dry (no additional water) conditions. The reagent ions were generated by passing

ultrapure N2 over heated permeation tubes and through Vacuum Ultra-Violet (VUV) ion sources (Ji et al., 2020). There were90

two VUV lamps generating either O−
2 / C3H6O

+ ions from a pure acetone permeation tube or I−/ C6H
+
6 ions from a 1%

CH3I/C6H6 permeation tube. In 2 seconds, the BTOF collects mass spectra from all four ionization chemistries: oxygen (O−
2 ),

acetone (C3H7O
+), iodide (I−), and benzene (C6H

+
6 ). Alternatively, dibromomethane (CH2Br2) can be added to the acetone

permeation tube to have Br− chemical ionization in place of the O−
2 mode. These ion sources are used to detect acidic moieties

with iodide/bromide reagent ions and basic moieties with benzene/acetone reagent ions.95

2.3 Atomized salt solutions

Aqueous salt solutions were prepared from 1 g L−1 ammonium sulfate (Sigma, ≥ 99.0%), ammonium nitrate (Sigma, ≥
99.0%), ammonium oxalate (Sigma, 101%), ammonium citrate tribasic (Sigma, ≥ 97.0%), ammonium succinate (Combi

Blocks, 98%), glyoxylic acid monohydrate (Sigma, 98%), and malonic acid (Aldrich Chemical Company, Inc., 99%). For

the organosulfate and sulfonic acid experiments, 25-125 mg of the following sodium salts were dissolved in 50 mL of 1 g L−1100

ammonium sulfate/H2O solutions: formaldehyde sodium bisulfite (Toronto Chemical Research, 98%), methyl sodium sulfate

(Aldrich, 92%), sodium ethyl sulfate (Merck, 98%), butyl sodium sulfate (Toronto Research Company, 98%), sodium octyl

sulfate (Merck, 95%), sodium n-decyl sulfate (Fisher Scientific, 98%), and sodium dodecyl sulfate (Merck, 98%). The solu-

tions were atomized to create particles, which were then passed through an aerosol dryer, size-selected to 100 nm using a

Differential Mobility Analyzer (TSI, Model 3082) and quantified using a water-based Condensation Particle Counter (TSI Inc.,105

Model 3789 and 3776D). The dilution flow and particle collection time were varied to have filter mass loadings ranging from

0.05 to 1 µg, depending on the reagent ions’ sensitivity to the analytes. Laboratory experiments were conducted at Aerodyne

Research Inc. in Billerica, MA, USA, and Tofwerk AG in Thun, Switzerland.
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2.4 Aerosols formed in the CLOUD chamber

In addition to the atomized samples, we include selected FIGAERO results from the Cosmics Leaving OUtdoor Droplets110

(CLOUD) chamber at CERN (Geneva, Switzerland), which has been described in detail elsewhere (Kirkby et al., 2011, 2016).

The CLOUD chamber is a 26.1 m−3 stainless steel continuously-stirred tank reactor operated under ultra-clean conditions for

studying in situ new particle formation and growth. Generally, acids are produced from gas-phase oxidation within the chamber

and bases are directly injected from a gas cylinder. Hydroxyl radicals (OH) are mainly produced by photolysis of ozone in the

presence of water vapor using a 5 W KrF excimer UV laser and four 200 W Hamamatsu Hg-Xe lamps. Gaseous sulfuric115

acid (H2SO4) is produced from the oxidation of SO2 with OH radicals. Nitric acid (HNO3) is produced from the reactions of

hydroxyl radicals with nitrogen dioxide (NO2). Nitrous acid (HONO) is produced using a reactor to continuously mix H2SO4

(99%, Sigma Aldrich) and sodium nitrite (NaNO2, 99%, Sigma Aldrich) and then injected into the chamber to produce mixing

ratios between 2 and 20 ppb HONO. A 400 W UVA LED saber (λ= 385 nm) photolyzes HONO to produce hydroxyl radicals

(OH) and nitrous oxide (NO).120

In the present study, seed particles were directly injected into the CLOUD chamber from an oxidation flow reactor called

FLOTUS (FLow TUbe System). FLOTUS is a 60 L quartz tube with six low pressure UVC lamps, each emitting 19 W at 254

nm (Heraeus NNI 50/26XL), with gas and temperature controls independent of the CLOUD chamber.

At CLOUD, gas-phase ammonia is measured using a Tunable Infrared Laser Direct Absorption Spectroscopy (TILDAS)

instrument (Aerodyne, Billerica, MA, USA) (McManus et al., 2015). Particles with diameters between 18.1 and 532.8 nm are125

measured using a long scanning mobility particle sizer, or lSMPS, (TSI, Model 3082) with a butanol condensation particle

counter (TSI, Model 3775). An aerosol mass spectrometer (AMS) measures the total mass of non-refractory aerosol (organics,

sulfate, ammonium, nitrate, and chloride) by vaporizing aerosol at very high temperature (600 ◦C) and using electron ion-

ization for universal detection (Jayne et al., 2000). Aerosol acidity is estimated by the relative ratio of particulate NH+
4 and

SO2−
4 (NH+

4 /SO
2−
4 ) (Zhang et al., 2007). If the ratio is in a range from 1 to 2, NH+

4 and SO2−
4 are thermodynamically assumed130

to coexist in chemical forms of ammonium sulfate and ammonium hydrogen sulfate. If the ratio is in a range from 0 to 1, the

two ions then coexist as ammonium bisulfate and sulfate acid (Hao et al., 2013).

2.5 Ambient Filter Collection

Ambient aerosol was analyzed from a filter collected at the City University of New York (40.82◦ N, 73.95◦ W, 89 m above

sea level) during the New York City metropolitan Measurements of Emissions and TransformationS (NYC-METS) ground site135

intensive as part of the larger Atmospheric Emissions and Reactions Observed from Megacities to Marine Areas (AEROMMA)

campaign (Hass-Mitchell et al., 2024). Sampling was conducted from August 10, 2023 21:00 EDT to August 11, 2023 05:00

EDT using a passivated stainless steel filter holder (Pall Corporation) with an upstream cyclone (URG; 2000-30EC). Aerosol

was collected on a PTFE membrane filter (47 mm diameter, 1.0 µm pores, Tisch Environmental) at 100 slpm over the 8 hr

period. After collection, the filter was stored in a -20 ◦C freezer for 10 months before a 2 mm diameter punch was taken and140

transported under insulated cold storage to Aerodyne Research Inc. (Billerica, MA) for subsequent FIGAERO-BTOF analysis.
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Figure 1. Sulfuric acid particles neutralized by ammonia in the CLOUD chamber (a) Particle size distribution in the CLOUD chamber

measured using a long scanning mobility particle sizer (lSMPS). The particles were formed in an oxidation flow reactor (FLOTUS) from

SO2 oxidation by hydroxyl radicals to produce H2SO4. A batch injection of particles, with a mean diameter of 130 nm (black line), dilutes

away over the course of the experiment. (b) Non-refractory particle composition measured by an Aerosol Mass Spectrometer (AMS). The

AMS confirmed that the particles formed in FLOTUS were pure sulfuric acid (red; water not measured). After injecting ammonia (NH3) into

CLOUD (dashed vertical line), the particles were neutralized to form ammonium hydrogen sulfate (orange) initially and then ammonium

sulfate (yellow). (c) FIGAERO I− CIMS measures the temperature of maximum desorption rate for sulfuric acid (bars, left y-axis) where

the bar width corresponds to the particle collection time. TILDAS measures gas-phase ammonia (orange circle markers, right y-axis). After

ammonia injection, the H2SO4 desorption temperature increased from 40 to 160 ◦C, consistent with the neutralization observed by the

AMS. However, the I− CIMS was unipolar and only able detect sulfuric acid, with no direct measurement of ammonia in the particles. At

the start of the injection, ammonia vapor is rapidly taken up by the the acidic particles. Assuming a unity accommodation coefficient, the

initial condensation sink is 8.0× 10−3 s−1, about twice as large as the wall loss, 3.9× 10−3 s−1. As a result, gas-phase ammonia has large

sinks to surfaces and only exceeds the TILDAS detection limit (25 pptv) about 1 hour after the injection.

3 Case studies with a unipolar FIGAERO CIMS

Vapors driving new particle formation are often assumed to have intrinsic ultra low volatility, whereas they are in fact fre-

quently transformed into non-volatile salts in the particle phase, usually through an acid-base reaction. It is the practically

zero vapor pressure of the ions, combined with an equilibrium strongly favoring the dissociated state, that results in products145
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with a sufficiently low volatility to drive nucleation. When using thermal techniques, it is important to distinguish whether the

binding energy causing a species to remain on a surface is driven by a physical process (i.e. vapor pressure) or a chemical reac-

tion. FIGAERO thermal desorption is typically treated as temperature-programmed desorption which is suitable for evaluating

the strength of organic molecules adsorbed to a surface by intermolecular forces. Though the FIGAERO CIMS can measure

acids, temperature-programmed desorption is ill-suited to understand their relatively high intrinsic vapor pressures. Instead,150

temperature-programmed reaction spectroscopy provides a better framework because it considers surface reactions that are

rate-limiting to acids partitioning back to the gas-phase.

Case study #1: Strong bases increase sulfuric acid desorption temperature

Figure 1 shows changes in chemical composition when particles formed from sulfuric acid (H2SO4) are neutralized by ammo-155

nia (NH3) vapor in the CLOUD chamber. Approximately 130 nm acidic particles are formed in FLOTUS from H2SO4/H2O

and injected as a batch of seed particles into the chamber, diluting away over time (panel 1a). The AMS observes a change

in the particle chemical composition from pure sulfuric acid (red) being quickly neutralized to ammonium hydrogen sulfate

(orange; NH4HSO4) and ammonium sulfate (yellow; (NH4)2SO4) (Hao et al., 2013), after ammonia is added to the cham-

ber (panel 1b). The H2SO4 temperature of maximum desorption (Tmax) measured by FIGAERO I− CIMS is plotted on the160

left y-axis of panel 1c, where the width of each bar corresponds to the particle collection time. After injecting ammonia, the

thermograms shift dramatically hotter with the Tmax increasing from 40 to 160 ◦C. This is evidence that the gas evaporated

from the particles and measured in the mass spectrometer exists as different states in the particle phase, with the particle phase

composition influencing the evaporation temperature. It is clear from the FIGAERO thermograms that the addition of the a

small amount of ammonia has changed the particle composition making it more resistant to evaporation. However, for this165

experiment with the unipolar I− FIGAERO CIMS, there was no direct measurement of any NH3 (or NH+
4 ) in the FIGAERO

analysis, just the complementary measurement from the aerosol mass spectrometer (Fig 1b).

At room temperature (+25 ◦C), pure sulfuric acid (H2SO4) has a saturation vapor pressure around 1×10−3 Pa (Ayers et al.,

1980; Kulmala and Laaksonen, 1990), making it equivalent to a semi volatile organic compound (SVOC), which contributes to

aerosol growth at high concentrations, but remains volatile enough to maintain a gas-phase reservoir. In the presence of base,170

including weak proton acceptors like water, sulfuric acid is deprotonated to form bisulfate (HSO−
4 ) and sulfate (SO2−

4 ) ions

that exist in supersaturation in the condensed state. The vapor pressure of sulfuric acid vapor over H2SO4−H2O solutions

ranges from 10−6 to 10−9 Pa (54.1-76.0 solution wt % at +25 ◦C) and decreases further with increasing ionic strength down

to 6.8× 10−11 Pa for fully neutralized ammonium sulfate (Marti et al., 1997). These very low saturation vapor pressures cor-

respond to those of extremely low volatile organic compounds (ELVOCS), which condense on all particles, including freshly175

nucleated ones (Donahue et al., 2026). Previous TD-PTR-CIMS (Thermal Desorption Proton Transfer Reaction CIMS) exper-

iments have reported higher sensitivity measuring pure sulfuric acid aerosol as opposed to ammonium sulfate, indicating that

the conversion of sulfate to sulfuric acid requires more energy than directly desorbing and ionizing sulfuric acid in its neutral

form (Voisin et al., 2003). This result is consistent with the excess energy needed to desorb neutralized sulfate particles using

7
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Figure 2. Nitric acid desorption temperature from aerosol with ammonia and dimethylamine. The temperature of maximum desorption

(Tmax) of nitric acid (HNO3) changes for aerosol containing ammonia (NH3) and/or dimethylamine (DMA). The first two bars come

from independent calibrations using atomized solutions of dimethylammonium nitrate ((CH3)2NH2(NO3); teal) and ammonium nitrate

(NH4NO3; blue), respectively. Nitric acid from ammonium nitrate exhibits a similar desorption temperature as aerosol formed in the CLOUD

chamber in the presence of sulfuric acid, nitric acid, and ammonia. In a subsequent chamber experiment that added dimethylamine (DMA),

a second, lower temperature mode appears for HNO3 which corresponds well with the thermal desorption of dimethylammonium nitrate

solution. The lower HNO3 desorption temperature implies the overall acid-base interaction is weaker with DMA (pKb = 3.3), despite it

being a stronger base than ammonia (pKb = 4.7).

FIGAERO CIMS (Fig. 1c).180

Case study #2: The effect of base size and polarizability is less predictable than base strength

In addition to proton affinity and bond strength, acid-base interactions are governed by molecular electrostatic compatibil-

ity, where acid-base pairs with similar molecular size, polarizability, and electronegativity are energetically favored. Figure 2

compares the desorption temperature of nitric acid (HNO3) from aerosol containing ammonia (NH3) and/or dimethylamine185

((CH3)2NH). Nitric acid atomized in solutions with dimethylamine and ammonia, has respective Tmax values of 41.2 and 58.4
◦C, shown as the first two bars in Fig. 2. These laboratory measurements agree with the desorption temperatures measured

from aerosol formed in the CLOUD chamber. Nitric acid that condensed with ammonia desorbs at 58.5 ◦C, which has been

previously shown to conform with ammonium nitrate decomposition for conditions where ammonia is the only strong base

(Wang et al., 2020). When dimethylamine (DMA) and NH3 are both present, the nitric acid thermogram becomes bimodal190

with the same high temperature mode at 66.4 ◦C and the appearance of a lower temperature mode around 37.7 ◦C, consis-

tent with dimethylammonium nitrate decomposition. Despite dimethylamine (pKb = 3.3) being a stronger base than ammonia

(pKb = 4.7), it requires less energy to decompose its salt with nitric acid, possibly because DMA has two methyl groups in

8

https://doi.org/10.5194/egusphere-2026-4542
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



place of hydrogen atoms, which increases its polarizability and steric hindrance. These electrostatic factors affect its ionic and

geometric compatibility with nitric acid and the overall stability of the lattice structure within the aerosol phase. However, this195

is again an indirect observation because the acids are measured by a unipolar I− CIMS with no information about the bases.

The next section investigates multivalent ionic interactions using bipolar time-of-flight mass spectrometry to directly measure

the release of acid and base vapors simultaneously.

4 Bipolar FIGAERO CIMS200

4.1 Inorganic acid-base interactions

The effective vapor pressure of sulfuric acid over ammonium sulfate is low because the activity includes a reactive uptake

coefficient, γrxn (Lopez et al., 2025). For a monoprotic acid-base pair like ammonium nitrate, reactive uptake is driven by a

single proton transfer (Donahue et al., 2025). Decomposition of the salt thus follows the reverse reaction,

NH4NO3(p) ⇌HNO3(g) +NH3(g) (R1)205

With the FIGAERO-BTOF, simultaneous measurements of the acid and base vapors is achieved with different reagent ions as

follows,

HNO3(g) +I−(g) ⇌ (HNO3)I
−
(g) (R2)

NH3(g) +C3H7O
+
(g) ⇌ (C3H6O)NH+

4(g) (R3)210

In Fig. 3a, we observe near simultaneous desorption of nitric acid (38 ◦C) and ammonia (41 ◦C) from ammonium nitrate

aerosol produced from atomization. The bipolar time-of-flight mass spectrometer produces the two thermograms from the

same desorption cycle, though the absolute signal of the acid and base differ based on their relative sensitivity (i.e. binding

energy) with the reagent ions, I− and C3H6O
+, respectively. The similar desorption profiles for the acid and base is consistent

with the rate-limiting step to evaporation being the reverse of Reaction R1 in the particle phase, a characteristic feature of215

temperature-programmed reaction spectroscopy.

Ammonium sulfate is seen in Fig. 3b to behave differently, since H2SO4 is a polyprotic acid with two labile protons. Here

we observe a step-wise release of ammonia, first from ammonium sulfate ((NH4)2SO4) to triammonium sulfate hydrogen

sulfate ((NH4)3H(SO4)2; letovicite (Kiyoura and Urano, 1970)), and then to ammonium hydrogen sulfate (NH4HSO4). The

ammonium-to-sulfate ratios decrease to 2.0, 1.5, and 1.0, respectively. The desorption temperatures are 78 ◦C, 93 ◦C, and 121220
◦C, respectively. The proposed decomposition reactions are as follows:

2(NH4)2SO4(p) ⇋ (NH4)3H(SO4)2(p) +NH3(g) (R4)

(NH4)3H(SO4)2(p) ⇋ 2NH4HSO4(p) +NH3(g) (R5)

225 2NH4HSO4(p) ⇋ 2H2SO4(g) +2NH3(g) (R6)
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Figure 3. Ammonium nitrate and ammonium sulfate thermograms (a) Ammonium nitrate thermogram. Nitric acid (blue, left y-axis)

evaporates near simultaneously with ammonia (orange, right y-axis) at around 40 ◦C. (b) Ammonium sulfate thermogram. Ammonia exhibits

three modes of desorption with maxima at 78, 93, and 121 ◦C. Sulfuric acid (red) begins desorbing around the first ammonia mode (Fig.

A1), but has only a single, resolvable maximum at 121 ◦C, coincident with the final NH3 peak.

Ammonium sulfate decomposition has been previously studied in bulk solution using thermogravimetric analysis (TGA).

Those studies report two distinct modes of ammonium sulfate decomposition, with the lower temperature mode liberating

ammonia alone (Dixon, 1944). However, there is still uncertainty about the intermediate products. Depending on the rate

of heating, ammonium sulfate may decompose through either letovicite (deammoniation) or ammonium hydrogen sulfate230

(dehydration), followed by further, high temperature (> 250 °C) degradation to products like pyrosulfate, sulfamic acid, and

other gases (Erdey et al., 1964; Halstead, 1970; Kiyoura and Urano, 1970; Zelenková and Slovák, 2022; Kaniewski et al.,

2023). We resolve three modes using FIGAERO CIMS in this study, possibly because the slower heating rate increases peak

prominence for the letovicite (second) mode or promotes dehydration reactions rather than thermal ones. Alternatively, the

decomposition of ammonium sulfate to letovicite involves crystallization that may be promoted by increased supersaturation235

and efflorescence in the aerosol phase compared to the bulk.

By mass, most of the sulfuric acid desorbs at the highest temperature mode associated with ammonium hydrogen sulfate de-

composition. This explains why in Fig. 1c the sulfuric acid desorption temperature from partially and fully neutralized aerosol

appears unchanged. If sulfate exists, it is stepwise converted to bisulfate in the particle phase, a process we can only indirectly

observe through the release of ammonia. The H2SO4 Tmax for fully neutralized aerosol in Fig. 1c is much higher than the240

atomized sample in Fig. 3b, likely owing to differences in mass loadings, heating rates, and thermocouple positions. While

calibration can correct for these differences, the ammonia signal can provide a definitive marker of neutralized ammonium sul-

fate without needing a reference. Figure A1 demonstrates that the aerosol formation method (i.e. atomization vs. condensation)

does not significantly affect the results. The relative intensity of the ammonia modes could be an indicator of the degree of neu-
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Figure 4. Salt dissociation as a function of temperature. Van ’t Hoff plot for ammonium sulfate (red), ammonium hydrogen sulfate

(orange), and ammonium nitrate (blue) decomposition. The slope of each line corresponds to the change in enthalpy ∆H as a function of

inverse temperature. The temperature is plotted as 1/T with labels indicating T in units of Kelvin and Celsius on the bottom and top x-axis,

respectively. The FIGAERO Tmax values for the ammonia signal of each decomposition reaction are plotted as stars.

tralization. Alternatively, the ratio of total NH3-to-H2SO4 could estimate pH. The latter is useful since reaction spectroscopy245

does not necessarily have uniform distributions and thus multi-modal thermograms may be best treated by integration across

the total time, as opposed to integrating non-uniform modes.

The shape of the sulfuric acid thermogram is non-Gaussian, exhibiting a low temperature shoulder around the temperature

associated with letovicite decomposition. On a logarithmic scale (Fig. A1), sulfuric acid first appears around the first maximum

of the ammonia mode, indicating other minor chemical reactions may be occurring, or that the reactions identified are not in250

equilibrium. Smaller particles with lower heat capacity and consequently faster internal heating may explain the non-uniform

sulfuric acid profile. Core-shell morphology formed from the dehydration and crystallization process could also delay diffusion

of heat into the particle and evaporation of chemical species out of the core.

4.2 Lattice energy

Coincident evaporation of H2SO4 and NH3 at 121 ◦C is evidence that a chemical process, specifically a proton transfer, is the255

energetically rate-limiting step to desorption; in essence, reactive uptake in reverse. To study the reaction kinetics, we compared

our results with the thermodynamics of ammonium nitrate, ammonium hydrogen sulfate, and ammonium sulfate formation

reactions (Gmitro and Vermuelen, 1963; Scott and Cattell, 1979; Rumble, 2025). We do not observe a correlation between the

temperature of maximum desorption (Tmax) and the enthalpy of reaction (∆Hrxn), the entropy of reaction (∆Srxn), or the acid

dissociation constant (pKa) (Table A4). This contrasts non-reactive condensation where there is a linear relationship between260
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the enthalpy of vaporization (∆Hvap) and Tmax (Bannan et al., 2019; Ylisirniö et al., 2021). Instead, the van ’t Hoff plot in Fig.

4 demonstrates a dependence on the net change in Gibbs free energy of reaction, ∆Grxn, which includes the entropic change,

∆Srxn, during evaporation. ∆Srxn is often estimated by the entropy related to the overall change in phase state (Trouton’s rule);

however, for highly ordered condensed states like the salt crystals, lattice energy can meaningfully contribute to the entropy

term of Gibbs free energy. Using ∆Grxn, we calculate the equilibrium constant, Keq , of salt formation and decomposition as265

a function of temperature:

Keq = e
−∆Grxn

RT (1)

The temperature dependence is expressed as the van ’t Hoff equation:

ln(Keq) =−∆Ho

R

1

T
+

∆So

R
(2)

The van ’t Hoff plot in Fig. 4 spans the typical temperature range of FIGAERO thermal desorption (298-500 K, or ∼25-200270
◦C). At 298 K (+25 ◦C), ammonium nitrate and ammonium sulfate have similar equilibrium constants (Table A4). According

to Eq. (2), the slope of the equilibrium constant is driven by changes in enthalpy and the y-intercept by entropy. As temperature

increases, the NH4NO3 equilibrium constant increases faster than for the sulfate salts, consistent with it desorbing at a lower

temperature. The stars mark the Tmax of the ammonia mode associated with each salt decomposition, appearing in order of

the experimental observations. The ammonium hydrogen sulfate (orange) curve lies above that for ammonium sulfate (red)275

beyond where we observe ammonium hydrogen sulfate decomposition. The crossover of ammonium sulfate and ammonium

hydrogen sulfate curves corresponds to the Tmax of ammonium hydrogen sulfate, consistent with the final decomposition step

being favored above 400 K (+127 ◦C). Altogether, these trends indicate that neither enthalpy nor entropy alone can explain

acid-base desorption because the internal lattice arrangement involves covalent bond reactions (i.e. proton transfer) in addition

to intermolecular forces.280

4.3 Organic acid-base reactions

4.3.1 Organosulfates

Organosulfates (OS) contain sulfate (−OSO3H) functionalities with a carbon backbone (−R) attached at the sulfate ester. They

can thus act like an Brønsted Lowry acid, where the acid dissociation constant (pKa) is largely modulated by the structure of

−R and nearby functional groups. Isoprene and monoterpene derived organosulfates are estimated to have very low pKa285

values between -4.5 and -2.4, similar to sulfuric acid (Hyttinen et al., 2020). Due to challenges measuring organosulfates, their

formation mechanisms remain disputed (Brüggemann et al., 2020), with disagreement whether OS predominantly form in the

aqueous condensed phase or are formed in the gas phase and condense via a chemical reaction. As a result, it is unclear if

reactive or non-reactive processes drive OS and OS-precursors into the condensed phase.
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Figure 5. Thermograms for C1 (a) and C2-C10 (b) organosulfur compounds. In panel (a), two structural isomers, methyl bisulfate (pink)

and hydroxymethanesulfonic acid (HMS; red), desorb at high temperatures (> 100 ◦C) but about 20 ◦C apart. In panel (b), ethyl (purple),

butyl (blue), octyl (yellow), and decyl (orange) sulfate desorb at sequentially higher temperatures. Tmax increases linearly with alkyl chain

length, n, in CnH2n+2SO4 (R2 = 0.995). Panel (c) shows the normalized fraction of each organosulfur species detected in the deprotonated

form (empty bar) and as an adduct with I− (colored bar). A larger fraction of the smaller organosulfur molecules are deprotonated.

Particulate organosulfates have been previously reported using FIGAERO CIMS (Le Breton et al., 2018; Ye et al., 2021;290

Siegel et al., 2021; Cai et al., 2023) with the majority of measurements occurring in Chinese megacities where aerosol mass

loading and anthropogenic sulfur sources are high. Given limited measurements, the global prevalence of organosulfates in am-

bient aerosol is uncertain (Brüggemann et al., 2020), a problem further compounded by OS-related measurement uncertainties

using different techniques. For time-of-flight mass spectrometers with resolutions ranging from 5,000≤m/∆m≤ 10,000,

organosulfates (CHOS) and pure organic (CHO) species are difficult to resolve (the difference in exact mass between two295

oxygen atoms and one sulfur atom being 0.017758 Th). Thermal desorption techniques like FIGAERO can potentially use

Tmax to distinguish between pure organic compounds (condensing via strong intermolecular forces) and organosulfates (acting

more like sulfuric acid requiring a proton transfer). However, this is predicated on organosulfates withstanding thermal decom-

position at the sulfate ester (Lopez-Hilfiker et al., 2016; D’Ambro et al., 2019) and being efficiently detected using chemical

ionization mass spectrometry.300

To study the desorption behavior of organosulfates, we atomized a homologous sequence of alkyl organosulfates. The

organosulfates were obtained as sodium salts (e.g. C4H10NaSO4) and dissolved in water to create an aqueous solution. When

atomized in water alone, we did not observe signal with any ionization mode, likely because there were insufficient protons

available to neutralize the organosulfates such that they could not partition back to the gas phase. Therefore, each organosulfate

was mixed with 1 g/L ammonium sulfate solution to provide a H+ source. The results are summarized in Table 1.305
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Table 1. Tmax for alkyl organosulfate standards. Each sodium salt was mixed with 1 g L−1 ammonium sulfate solution to provide a source

of H+ ions. The effective vapor pressures (P ∗
expt) were calculated using the experimental Tmax values (Table A2). The predicted vapor

pressures (Ppred) were calculated using the group contribution-assisted graph convolutional neural network (GC2NN) model (Accessed:

https://multiphasekinetics.de/pvap; (Krüger et al., 2025)). The dodecyl sodium sulfate sample was run at as single experiment at Tofwerk AG

and is excluded from Fig. 6 because it requires an independent calibration.

Chemical name Acid formula Mw [gmol−1] Tmax [◦C] P ∗
expt [Pa] Ppred [Pa]

Formaldehyde sodium bisulfite HOCH2SO3 111.10 126.5 ± 1.4 3.2× 10−11 8.25× 10−2

Methyl sodium sulfate CH3SO4 111.10 106.9 ± 0.1 8.9× 10−10 1.06

Ethyl sodium sulfate C2H6SO4 126.13 97.6 ± 5.0 4.3× 10−9 1.33× 10−1

Butyl sodium sulfate C4H10SO4 154.18 102.3 ± 0.5 1.9× 10−9 3.96× 10−3

Octyl sodium sulfate C8H18SO4 210.29 116.9 ± 0.5 1.6× 10−10 2.80× 10−4

N-decyl sodium sulfate C10H22SO4 238.34 122.8 ± 1.3 5.9× 10−11 1.43× 10−4

Dodecyl sodium sulfate C12H26SO4 266.40 140 (n=1) 2.64× 10−5

Figure 5a shows the thermogram for two single carbon organosulfur species: hydroxymethanesulfonic acid (HOCH2SO3H)

and methyl bisulfate (CH4SO4). Despite having the same molecular mass, the Tmax of the structural isomers differs by 20 ◦C.

In the presence of ammonium sulfate, hydroxymethanesulfonic acid desorbs at a higher temperature, around 127 ◦C. It is a

strong acid, similar to methanesulfonic or sulfuric acid, and so dissociates completely in aqueous solutions. Methyl sulfate, also

a strong acid, desorbs at a lower temperature around 107 ◦C. Hydroxymethanesulfonic acid may desorb at a higher temperature310

because it has an additional −OH functional group that can hydrogen-bond with neighboring molecules. Hydroxymethanesul-

fonic acid has been previously observed in ambient aerosol and is an important S(IV) acid formed via aqueous reactions of SO2

and formaldehyde during cloud processing (Dovrou et al., 2019). Other small organosulfur species like methanesulfonic acid,

an oxidation product of dimethylsulfide, are abundant in marine aerosol and have been observed desorbing at high temperatures

(> 100 ◦C) in FIGAERO CIMS (Cai et al., 2023). This class of molecules - methyl bisulfate (CH3SO4H), methanesulfonic315

acid (CH3SO3H), and hydroxymethanesulfonic acid (HOCH2SO3H) - represent an important class of organosulfates and sul-

fonates behaving largely like inorganic sulfur with variation attributed to H-bonding or intermolecular forces unique to each

molecule.

Figure 5b shows that alkyl sulfates with more than one carbon atom also desorb at relatively high temperatures (> 98 ◦C),

with desorption temperature increasing with the number of carbon atoms. The Tmax values are plotted versus the alkyl chain320

length, n, for CnH2n+2SO4 in the embedded plot of Fig. 5b. There is a linear relationship (R2 = 0.995) between alkyl chain

length and desorption temperature, likely because chain length affects the internal structure of the condensed phase. In addition

to having more surface interactions and van der Waals forces, the sulfate series is special in that the alkyl chain is attached

to a hydrophobic tail off of the hydrophilic sulfate group. With increasing chain length, the hydrophobic tail is more effective
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at forming internal structures such as micelles based on hydrophobicity, which affects the energy required to overcome the325

entropy-favored condensed state and form the neutral sulfate ester.

All organosulfur species were measured in the negative I− mode appearing in the deprotonated (A−) and adduct (AI−)

form. Larger molecules had a larger fraction of the total signal detected as clusters with I−, as opposed to deprotonated ions.

This trend may be caused by a decrease in acidity with a larger alkyl chain that increases the acidic proton bond strength.

Alternatively, larger molecules may form stronger clusters with I− ions that have more diffuse electronegativity (i.e. more330

effective orbital overlap).

Due to a lack of experimental vapor pressure for low-volatility, atmospheric compounds, structure activity relationships

(SARs) are used to estimate volatility (Hilal et al., 2003; Nannoolal et al., 2008; Pankow and Asher, 2008; Compernolle et al.,

2011). Yet, even for well-characterized compounds like α-pinene oxidation products, SAR models can underestimate volatility

because they do not consider intramolecular forces (Kurtén et al., 2016). For smaller alkenes with multi-functional but well-335

known product distributions, significant differences between observed partitioning and SAR models have been attributed to in-

creased intramolecular steric effects (Longnecker et al., 2025). Moreover, compounds with more exotic functional groups (e.g.

sulfates, nitrates, peroxy acyl nitrates) are excluded or not well characterized by most SAR models. Thermodynamic models

like COSMOtherm can estimate the volatility of isoprene and monoterpene-derived organosulfates, but generally overpredict

salting out effects (i.e. decreased organic solubility) (Toivola et al., 2017) and require quantum chemical and statistical calcu-340

lations which are more computationally expensive than a typical SAR model (Hyttinen et al., 2020). New machine learning

models like the group-contribution-assisted graph convolutional neural networks (GC2NN) have large training datasets with

greater diversity of compounds, however, organosulfates still represent < 1% of the data set (Krüger et al., 2025). Nevertheless,

there is a good agreement for isoprene-derived organosulfate vapor pressures using the COSMOtherm and GC2NN models

(Hyttinen et al., 2020; Krüger et al., 2025). Table 1 compares the experimental vapor pressure of the organosulfates in this345

study with predicted vapor pressures from the GC2NN model. Overall, there is a poor agreement, likely because the strength

of ion-ion interactions differs in our study using ammonium sulfate compared to the pure substance. The experimental data

and model do show similar overall trends. The model predicts methyl sulfate to be approximately an order of magnitude more

volatile than hydroxymethanesulfonic acid, consistent with our observations. Likewise, the predicted vapor pressures decrease

with increasing chain length for the alkyl organosulfates. While the measured organosulfate vapor pressures are likely biased350

lower due to the presence of ammonium, this comparison highlights the need for a parameterization that includes acid-base

interactions as pure organosulfate aerosol is unlikely.

Thermal desorption instruments typically report smaller fractions of organosulfates than offline methods using liquid chro-

matography. Offline chromatography techniques using ultra-high resolution Orbitrap analysis estimate that organosulfates con-

tribute up to 30 % of organic aerosol mass (Ma et al., 2025), but with a sensitivity bias towards detecting acidic species. Offline355

techniques may have surface reactions on the filter after sampling, potentially enhancing organosulfates (Brüggemann et al.,

2021). Alternatively, semi-online thermal techniques like FIGAERO CIMS may not accurately measure organosulfates. One

explanation is that the organosulfates are desorbing at very high temperatures (> 200 ◦C) beyond the maximum temperature of

the filter. However, the latter hypothesis is not supported by our results, which show that very acidic organosulfates (pKa ≈−3)
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Table 2. Comparison of FIGAERO-derived experimental vapor pressures for organic acids compared with literature values. Aerosol

particles were produced by atomization of aammonium salts or bthe pure substance mixed with ammonium sulfate. Note that we are reporting

the Tmax of the neutral organic acids, but they almost certainly existed in the ionic form (e.g. glyoxylate → glyoxylic acid). The Tmax is used

to calculate an experimental effective vapor pressure (P ∗
expt) and volatility (logc∗expt). Malonic acid desorbed with ammonia but had a wide

thermogram, and so Tmax could not be determined. Literature vapor pressures (P ∗
lit) are from NIH PubChem (accessed 8 April 2026), and

include primary sources for oxalic acid (Bernales, 1981), malonic acid (Bilde et al., 2003), and succinic acid (Yaws, 1994). Good agreement

between Tmax and literature volatility (logc∗expt) is defined by a difference in literature and experimental saturation mass concentrations (C∗)

less than one order of magnitude (Lopez et al., 2025). Literature acid dissociation constants (pKa) are retrieved from NIH PubChem; they

include primary sources for glyoxylic acid (Lange and Dean, 1998), oxalic acid (Edwards and Clayton, 1981), malonic acid (Kortüm et al.,

1961), succinic acid (Dean, 1987), and citric acid (Serjeant and Dempsey, 1979).

Chemical name Formula Tmax [◦C] P ∗
expt [Pa] P ∗

lit [Pa] logc∗expt logc∗lit Tmax − logc∗lit relation? pK1
a pK2

a

Glyoxylic acida C2H2O3 50 1.7 ×10−4 140 0.70 6.6 no 3.3

Oxalic acida C2H2O4 40 1.0 ×10−3 0.03 1.6 3.0 no 1.5 4.4

Malonic acidb C3H4O4 n/a n/a 3.6 ×10−4 n/a 1.2 no 2.8 5.7

Succinic acida C4H6O4 42 6.1 ×10−4 2.5 ×10−5 1.5 0.076 no 4.2 5.6

Citric acida C6H8O7 92 8.9 ×10−8 4.9 ×10−7 -2.2 -1.4 yes 2.8 4.4

with one to ten carbon atoms desorb between approximately 100 to 125 ◦C, a typical range for FIGAERO thermal desorption.360

A second possibility is that the temperature ramp is too harsh, causing the organosulfate to decompose between the C−O bond

of the sulfate ester. If alkyl sulfates decompose, the organic portion would not be highly oxygenated, but rather an alkene or

alkenol, which could be detected in the positive mode but is not observed. For these selected species, there is no evidence that

thermal decomposition has any major role in explaining a potential source of “missing" organosulfur compounds. It is possible

that more highly oxygenated organosulfates behave differently due to other intermolecular forces. Additionally, heating in the365

presence of other reactive species (e.g. peroxides) or oxidizing agents (HNO3) may split the ester bond and cause other degra-

dation pathways which are not captured here. Though the discrepancy in reported fraction of organosulfates between online

and offline measurements is unresolved, Fig. 5 demonstrates that the FIGAERO-BTOF can measure organosulfates and their

effective vapor pressure in different states to better understand their role in atmospheric aerosol.

4.3.2 Organic acids370

Organic acids, though typically less acidic than those with sulfur heteroatoms, have relatively low acid dissociation constants

(pKa) and are abundant in the atmosphere. This is especially true for small, polar organics and dicarboxylic acids like oxalic

acid (C2H2O4) (Chebbi and Carlier, 1996). Carboxylic acids are formed via gas-phase oxidation and via multi-phase chemistry

in droplets, which break down organics into smaller, acidic fragments (Blando and Turpin, 2000; Warneck, 2003; Crahan et al.,

2004; Lee et al., 2012). Organic acids affect aerosol physical properties (e.g. mass transfer, hygroscopicity, cloud condensation375

nuclei activity) as well as chemical properties (e.g. heterogeneous reactivity) properties. In addition to having strong ionic
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Figure 6. Ammonium oxalate and ammonium citrate thermograms. Acids are ionized by I− and plotted on the left y-axis. Bases

are ionized by C3H7O
+ and plotted on the right y-axis. (a) For ammonium oxalate, a proton transfer reaction is rate limiting to oxalic

acid (purple) and ammonia (orange) evaporation which occur near simultaneously. (b) For ammonium citrate, we observe a wide band of

ammonia desorption which can be fitted by three Gaussian distributions (dashed curves) corresponding to the three proton sites on citric acid

(green). The neutral acid desorbs at a high temperature after ammonia has evaporated, indicating that while an ammonia-releasing reaction

occurred, it was not limiting the rate of acid desorption, i.e. citric acid remained on the filter.
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bonds and ion-dipole interactions with other organics, organic acids may also interact with inorganic salts (McNeill et al.,

2007). For example, oxalic acid creates a hard coating on di-valent salts, strongly reducing hygroscopicity (Drozd et al., 2014).

Organic salts have previously been measured by chemical ionization mass spectrometry (CIMS), appearing in the neutral

acid form (McNeill et al., 2007). They appear out of equilibrium with the gas phase activity because the condensed form is the380

conjugate base (e.g. oxalate) (McNeill et al., 2007). A previous FIGAERO C2H3O
−
2 CIMS study found that carboxylic acids

obey Raoult’s law under low sulfate mass concentrations ([SO2−
4 ] < 0.4 µgm−3), but the relationship fails at higher sulfate

conditions, suggesting gas-particle equilibrium is disrupted by conditions associated with acidic aerosol (Lutz et al., 2019).

Moreover, an instrumental comparison using FIGAERO I− CIMS derived Tmax-derived volatilities for C2H2O3 and C3H2O3

that were inexplicably higher than those based on structure, leading the authors to conclude that they could not exist in the385

particle phase and must be resulting from fragmentation of larger species (Du et al., 2022).

Here, the FIGAERO-BTOF provides crucial additional information compared with previous studies to understand the des-

orption temperatures of organic acids and their partitioning with the gas phase. Figure 6a shows the thermal desorption spectrum

for ammonium oxalate (neutral acid pKa = 1.5). We observe near-simultaneous desorption of neutral oxalic acid and ammonia

between 37-40 ◦C, analogous to ammonium nitrate (Fig. 3a). The ammonia signal indicates an acid-base reaction occurred,390

transforming the conjugate base, oxalate, to oxalic acid. In the neutral forms, both oxalic acid and ammonia are volatile and

out of equilibrium with (i.e. greatly in excess of) their respective gas phase activities, resulting in rapid desorption.

Figure 6b shows different behavior for ammonium citrate (pKa = 2.8). We do not observe simultaneous release of ammonia

and citric acid. Instead, there is broad desorption of ammonia between 40-80 ◦C but citric acid has a much higher Tmax of

92 ◦C, after almost all ammonia has evaporated. The data show at least two rate-limiting steps for desorption. First, a proton395

transfer reaction produces both neutral ammonia and citric acid. This reaction marks the rate-limiting step to desorption for

ammonia, which is volatile above room temperature. The broad desorption of ammonia is consistent with three poorly resolved

peaks corresponding to multiple reactions with citric acid which is a triprotic acid. Consequently, it may liberate ammonia on

a mole-to-mole basis at different temperatures depending on the acidic site of the molecule.

In contrast to ammonia, citric acid has low volatility even in its neutral form and remains bound by intermolecular forces,400

desorbing at 92 ◦C. The experimental logc∗ (-2.2) and literature value (-1.4) are within the typical uncertainty associated

with the FIGAERO (Lopez et al., 2025), and are consistent with citric acid evaporating as a function of vapor pressure. The

experimental Tmax for citric acid is also consistent with previous results (Stark et al., 2017; Ye et al., 2019), taking into

account differences in mass loading, thermocouple placement, and heating rate. We also observe aconitic acid (C6H6O6), the

tricarboxylic citric acid anhydride, desorbing at a slightly higher temperature than citric acid. Aconitic acid has been proposed405

as an intermediate decomposition product eventually forming CO2, CO, and H2O (Stark et al., 2017) in the gas phase. These

gaseous decomposition products were not measured in this study, however, they have previously been observed desorbing at

high temperatures (100≤ Tmax ≤ 200 ◦C) (Stark et al., 2017) and so are likely not related with the ammonia desorption.

Table 2 summarizes the Tmax for all organic acid samples. Glyoxylic, oxalic, and malonic acids behave similarly, desorbing

simultaneously with ammonia at temperatures higher than those predicted from their pure vapor pressure. This indicates that410

proton transfer is the rate-limiting step for desorption of the small organic acids. The larger and more oxygenated organic acids,
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Figure 7. Two-dimensional volatility basis set for organic acids and their conjugate bases. Experimental volatilities calculated from

Tmax are shown as empty markers for glyoxylate (circle), oxalate (square), succinate (triangle), and citrate (diamond) ions. Error bars indicate

one order of magnitude uncertainty in the log saturation concentration, logc∗ (Lopez et al., 2025). Filled markers show the corresponding

organic acids with volatility calculated from the literature vapor pressures (Bernales, 1981; Bilde et al., 2003; Yaws, 1994). The shaded

backgrounds are volatility classes including volatile organic compounds (VOC; white), intermediate volatility organic compounds (IVOC;

blue), semi-volatile organic compounds (SVOC; green), low volatility organic compounds (LVOC; red), and extremely low volatility organic

compounds (ELVOC; grey). The brighter green on top represents the region occupied by biogenic terpene oxidation products at 25 ◦C, where

the upper and lower bounds represent isoprene and α-pinene autoxidation products, respectively, reproduced from Schervish et al. (2024).

This shows that small deprotonated acids have similar volatility as oxygenated organic molecules from terpenoids, but acids have similar

or higher oxygen-to-carbon ratio (O:C). The FIGAERO signal for the smallest organics (glyoxylate and oxalate) lie out of equilibrium with

their conjugate acids indicating they were formed by reactive processes in the particle phase. Succinic acid and its conjugate base are both

semi-volatile organic compounds and the measured volatility based on desorption temperature is less than the literature value. Citric acid is a

low volatility organic compound desorbing as a function of its vapor pressure, though a prior chemical transformation occurred that did not

lead to desorption.
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succinic and citric acid, show more consistent Tmax − logc◦ agreement, though there is larger uncertainty for succinic acid

which has an experimental vapor pressure lower than predicted. They were the least volatile organic acids studied, behaving

like semi-volatile and low volatility organic compounds, respectively, at 25 ◦C, though likely still requiring available protons

to become neutralized. The organic acids are plotted in the two-dimensional volatility basis set (2D-VBS) in Fig. 7, along with415

a shaded green region representing isoprene (upper bound) and α-pinene (lower bound) autoxidation products that have similar

volatilities and relative oxygen content (Donahue et al., 2011; Schervish et al., 2024). The small organic acids occupy the same

volatility space as highly oxygenated isoprene molecules, but do not originate from thermal decomposition. Aerosol particles

from isoprene and α-pinene chamber experiments, chemically characterized using FIGAERO CIMS, show a high fraction of

small, low volatility organics, which are generally attributed to thermal decomposition (Lopez-Hilfiker et al., 2016; Lopez420

et al., 2025). Our measurements indicate rather that some of these light carbon species are organic acids whose low volatility

results from reactive uptake from the vapor phase to form ionic salts in the particles.

4.4 Multicomponent chemical systems

4.4.1 Mixtures of ammonium nitrate and ammonium sulfate

For the single acid-base systems considered so far, there are a limited number of reaction steps and sufficient mass to resolve425

the unique Tmax values associated with the Gibbs free energy of reaction. To evaluate the desorption method for more complex

chemical systems, Fig. 8 shows thermal desorption profiles for atomized mixtures of ammonium nitrate, ammonium sulfate,

and water, with increasing sulfate fraction from panel a to d. In the top panel, pure ammonium nitrate aerosol has near-

simultaneous desorption of nitric acid and ammonia, as previously seen in Fig. 3a. The bottom panel shows the thermograms

for pure ammonium sulfate particles as shown in Fig. 3b. There is a small amount of nitric acid contamination (multiplied by430

20) peaking at the ammonium bisulfate decomposition temperature and which is not depleted at higher temperatures. Though

this could be nitrate contamination within the particles, the elevated signal at the end of the temperature ramp implies a near-

constant source of nitric acid, perhaps from surfaces between the filter and entrance to the mass spectrometer.

The two middle panels shown atomized mixtures of ammonium sulfate (AS) and ammonium nitrate (AN) where one is in

excess of the other. Panel 8b has an ammonium sulfate to ammonium nitrate ratio (AS:AN) of 1:2. The thermograms share435

distinctive features with the acid thermogram appearing similarly to that of the pure ammonium nitrate and ammonium sulfate

cases. The ammonia thermogram has local maxima for every decomposition reaction (vertical dashed lines) with a long tail

with decreasing intensity at high temperatures. Panel 8c has an excess of sulfate (AS:AN = 3:1) and appears less like a hybrid

of the pure ammonium nitrate and ammonium sulfate cases. There is relatively low nitric acid signal (multiplied by 20) spread

out in a bimodal distribution. The first nitric acid mode appears without ammonia, likely due to insufficient signal-to-noise440

in the positive channel where benzene/acetone ions have lower sensitivity to ammonia, compared to iodide and nitric acid

adducts. The second maximum of the nitric acid thermogram appears with ammonia at the temperature of ammonium sulfate

decomposition. Ammonia likely has sufficient signal at this temperature due to proton transfer reactions with sulfuric acid. The

sulfuric acid thermogram appears remarkably similar to panel 8d, implying ammonium bisulfate decomposition is still a major

20

https://doi.org/10.5194/egusphere-2026-4542
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Filter Temperature [°C]

N
or

m
al

iz
ed

 S
ig

na
l

10-1

100

NH 4
NO 3

(N
H 4

) 2
SO 4

(N
H 4

) 3
H(SO 4

) 2

NH 4
HSO 4

(a) Ammonium nitrate (AN) NH3
HNO3
H2SO4

10-1

100
(b) AS:AN = 1:2

10-1

100

×20

(c) AS:AN = 3:1

40 60 80 100 120 14010-1

100

×20

(d) Ammonium sulfate (AS)

Figure 8. Thermograms of mixed ammonium nitrate and ammonium sulfate particles Thermograms of sulfuric acid (red), nitric acid

(blue), and ammonia (orange) for atomized aqueous solutions of (a) pure ammonium nitrate, (b) ammonium sulfate-to-ammonium nitrate

(AS:AN) = 1:2, (c) AS:AN = 3:1, and (d) pure ammonium sulfate. The nitric acid signal is multiplied by 20 in (c) and (d), in the latter case

showing nitrate contamination in the pure ammonium sulfate sample. Dashed vertical lines indicate the desorption temperatures associated

with ammonium nitrate (NH4NO3), ammonium sulfate ((NH4)2SO4), letovicite ((NH4)3H(SO4)2), and ammonium hydrogen sulfate

(NH4HSO4) decomposition.

reaction. However, the ammonia thermogram retains three modes at the same temperatures as pure ammonium sulfate but with445

different relative intensities. This is consistent with nitric acid interacting with the ammonium sulfate lattice arrangement at

higher sulfate concentrations.

4.4.2 Ambient aerosol

Lastly, we investigate ambient aerosol collected during the NYC-METS 2023 ground site campaign and analyzed at Aerodyne

Research Inc. (Billerica, MA) using the FIGAERO-BTOF. Figures 9a-b describe the filter collection site at the City University450
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Figure 9. Acids, bases and organics measured in ambient aerosol. (a) Map of the NYC-METS filter collection site in New York, New

York (40.82◦ N, 73.95◦ W), (b) a photograph of the site, (c) nitric acid (blue) and sulfuric acid (red) thermograms measured in the negative

I− mode (the sulfuric acid signal is multiplied by 100), (d) particulate ammonia (orange) measured by positive C6H
+
6 chemical ionization,

and (e) organic factors measured by negative I− chemical ionization and grouped using positive matrix factorization (PMF). For the PMF

analysis, five factors, including a background factor (grey), are used to explain the total signal. The factors exclude signal from the reagent

ions (I−, H2OI−), inorganic acids (HNO3I
−, H2SO4I

−), and high background/contamination signals (CH2IO
−
2 , C3H6IO

−
3 , C2F3HIO−

2 ,

C3F5HIO−
2 ). The vertical dashed lines guide the eye between modes with similar desorption profiles. The base map was produced using

Cartopy Natural Earth (Elson et al., 2024).

of New York (40.82◦ N, 73.95◦ W, 89 m above sea level). The average signal from two thermal desorption cycles of different

sections of the same filter are shown in Figs. 9c-e, with the shaded region representing ±1 standard deviation. The negative

I− mode measured inorganic acids (Fig. 9c) and oxygenated organic molecules (Fig. 9e). Positive matrix factorization of the

FIGAERO thermograms (Buchholz et al., 2020) produced four organic factors (labeled 1-4) and a background factor. Factors

1-4 shared similar average chemical compositions but distinct thermal desorption behavior. The average chemical composition455

for each factor was 1) C4.8H7.4O4.5N0.5, 2) C4.8H7.7O4.5N0.5, 3) C4.1H7.3O4.2N0.3, 4) C4.6H7.4O4.8N0.5. Ammonia was

measured in the positive C6H
+
6 channel (Fig. 9d).

Although nitric acid and sulfuric acid are both observed in the ambient sample, their desorption temperatures differ from

laboratory mixtures of ammonium nitrate and ammonium sulfate (Fig. 8). Nitric acid dominates the ambient particles, with a

much smaller fraction of sulfuric acid, which is displayed with a multiplication factor of 100. Nitric acid and ammonia desorb460
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together, consistent with ammonium nitrate decomposition though variations in Tmax arise from different instrumental setups.

There is a second mode in the ammonia trace appearing around 125 ◦C, without a coincident inorganic acid desorption. This

ammonia mode corresponds well with PMF Factor 3 (green) which has an average chemical composition of C4.8H7.4O4.5N0.5.

It also coincides with desorption of C2H4O3 (e.g. glycolic acid), indicating that the ammonia may be bound with organic

acids rather than sulfuric acid. Recent size-resolved TD-CIMS measurements of α-pinene oxidation products have identified465

a similar high temperature, low molecular weight factor with intensity-weighted composition of C5.37H6.34O2.34, notably

including C2HO
−
3 , C3H3O

−
2 , and C3H5O

− (Wakeen et al., 2026). These small ions were attributed to thermal decomposition

due to their high inferred volatility and thus expected low particle fraction. However, the FIGAERO-BTOF measurements offer

an alternative explanation requiring H transfer in the particle phase (acid-base stabilization), which can be identified by dual

measurements of organic and ammonia counter ions.470

In the ambient aerosol sample, sulfuric acid desorbs at a high temperature (∼ 160 ◦C) suggesting it is neutralized; however,

we do not observe a well-resolved, conincident ammonia signal. In addition to ammonia, organic Factor 4 desorbs in a similar

temperature range as sulfuric acid and with a slightly more oxygenated chemical composition of C4.6H7.4O4.8N0.5, suggesting

interactions between the species. Depending on aerosol chemical composition and phase state, oxygenated organics or other

species may act as the proton donor to neutralize sulfuric acid.475

Positive and negative ion chemistries are especially informative when unique modes in the thermograms can be resolved and

correlated. Interpretations of the NH3 thermograms in Fig. 9d are complicated by the potential for complex behavior as seen for

AS and AN mixtures as well as the potential for organic salt formation. Moreover, since these measurements were performed on

collected filters, they could also be subject to sampling artifacts, including reactive uptake of ammonia vapor during collection.

Potential sampling artifacts can be reduced in the future with online FIGAERO-BTOF measurements. Multivariate analysis of480

the resulting positive and negative reagent ion thermograms as a function time could also further enable better identification of

correlating features in the different species thermograms.

5 Conclusions

By coupling FIGAERO thermal desorption with rapid-switching bipolar time-of-flight mass spectrometry, we have explored

the classic Langmuir-Hinshelwood problem of separating reactive and non-reactive condensation products. For samples with485

known thermodynamic properties, we can predict the driving force for condensation by comparing the rates of desorption ver-

sus reaction. In ambient aerosol, there are many weakly acidic, oxygenated organic molecules for which we lack standards and

cannot easily predict if reactive or non-reactive pathways are favored. The simultaneous release of acids and bases, elucidated

using the FIGAERO-BTOF, is a key feature of reactive uptake. For ammonium sulfate, the thermograms of atomized aerosol

share characteristic features with those from chamber and ambient aerosol, supporting this method and extending the atom-490

ized aerosol thermograms to real-world cases. However, future work should focus on the complexities of ambient sampling,

including potential confounding reactions occurring on the filter during sampling.
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The desorption temperature of acids and bases is influenced by both the enthalpy of reaction and the organization of the

condensed state. We have presented two examples where entropy matters: the lattice energy for inorganic acid-base systems

and amphiphilic assembly of alkyl organosulfate surfactants. There remain open questions about how aerosol phase state and495

crystallinity affects surface reactions and subsequent desorption. Particle viscosity has been shown to affect thermal desorp-

tion of dioctyl sebacate (DOS) coated with alkane oxidation products; where smaller, more functionalized alkanes (C8−13)

increased the DOS desorption temperature compared to larger, less functionalized alkanes (C13−17) (Galeazzo et al., 2024).

However, another study on alkenes shows the opposite relationship between chain length and viscosity; attributed to increased

intramolecular sterics in smaller molecules (Longnecker et al., 2025). Aerosol liquid water content will also likely influence500

the results but is not currently constrained in this study. All of the thermal desorption experiments were run with dry, heated

nitrogen that may promote dehydration reactions and evaporation of acids through loss of water. While strong acids like H2SO4

are relatively resistant to evaporation down to 1.5% relative humidity at 15 ◦C (Stolzenburg et al., 2020), weaker acids like

methanesulfonic acid are prone to evaporation at higher relative humidity, especially from acidic aerosol (Mauldin et al., 1999;

Miljevic et al., 2025; Yu et al., 2026). This effect to be less important for atomized and dried particles and more important for505

droplets and deliquesced aerosol. Future work should investigate how ion mobility in samples with higher aerosol liquid water

content affects multivalent ionic interactions.

Thermal desorption of atmospheric particles using the FIGAERO-BTOF can deepen our understanding of how they initially

grew. The simple example is ammonia and nitric acid which co-condense via reactive uptake and likewise decompose together.

The ammonium sulfate thermogram with three ammonia modes associated with decomposition reactions provides a new way510

to explore the relative strength of different ion interactions between the same acid and base molecules. The high desorption

temperature of ammonium hydrogen sulfate is consistent with molecular measurements of sulfuric acid-ammonia nucleation.

Nucleation and early growth is driven by ammonium hydrogen sulfate (as opposed to ammonium sulfate) because the effective

vapor pressure of the second ammonia molecule is much higher than the first one, especially considering the Kelvin effect for

the smallest particles and clusters. For gas-phase ratios of NH3/H2SO4 ranging from 10 to 500, both negative and positive515

clusters grow from the sulfuric acid tetramer adding between 1 to 1.4 ammonia molecule for each additional sulfuric acid

molecule (Schobesberger et al., 2015). Equimolar sulfuric acid and ammonia addition is consistent with growth by ammonium

hydrogen sulfate whereas the upper range, which has 1.4 NH3 for every sulfuric acid molecule, is consistent with the formation

of stable letovicite crystal, and not ammonium sulfate.

For mixtures of ammonium sulfate and ammonium nitrate, nitric acid desorption appears bimodal and at higher temperatures520

associated with the decomposition of ammonium sulfate. Ice nucleation measurements show that very low sulfate to nitrate

ratios of 10−4 can trigger crystallization of ammonium nitrate and ratios of 0.017 create particles with similar ice nucleating

properties to desert dust (Ullrich et al., 2017; Wang et al., 2022). Thus, the results from standard salt solution cannot be

extrapolated by just knowing the acids and bases present, but work on more complex systems is needed to interpret how

different ionic species interact with each other. The ambient sample from the NYC-METS site demonstrates that the technique525

can be applied to more diverse aerosol but the positive and negative ionization chemistries are necessary to understand all
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potential interactions. With this added complexity, tools tools like positive matrix factorization can identify key species that

co-desorb and isolate surface reactions driving desorption.

Beyond inorganic acids, the FIGAERO-BTOF reveals new reasons why some organics exhibit suppressed volatility in the

particle phase. For example, matrix effects have been show to decrease the apparent volatility of levoglucosan by up to four530

orders of magnitude (Xie et al., 2026). Multifunctional carboxylic acids can form a stable electrostatic network of hydrogen

bonds in particles as small as 3 nm (Zhang et al., 2026). And, FIGAERO CIMS measurements frequently identify a large

class of low molecular weight organics compounds in organic aerosol that are desorbing at higher temperatures (i.e. lower

volatility) than predicted based on their chemical composition (Lopez-Hilfiker et al., 2016). The latter case is still widely re-

garded to be an artifact of thermal decomposition. These compounds have elemental compositions consistent with phthalic535

acid and pinonaldehyde (Zhao et al., 2013), pinic, pinonic, and norpinic acids (Lopez-Hilfiker et al., 2015; Lutz et al., 2019),

isoprene epoxydiols (IEPOX) and IEPOX-derived methyltetrols (Lopez-Hilfiker et al., 2016), and glyoxylic acid (Schobes-

berger et al., 2018). Many of these compounds can carry either a negative charge (e.g. dicarboxylic acids) or a positive one

(e.g. IEPOX), suggesting more complex electrostatic interactions are required to explain their behavior. For ionic species, we

find that the Gibbs free energy of the neutralization reaction relates to desorption temperature more consistently than vapor540

pressure. Differentiating these species from decomposition products is important for understanding the overall acid content

in particulate matter, as well as reallocating oligomeric mass. Particle composition measurements using the FIGAERO-BTOF

can distinguish between reactive and non-reactive condensation products to assess what role organic reactive uptake plays in

early particle growth. The atmospheric abundance of ionic organic compounds is important because they are non-volatile and

stable while out of equilibrium with the gas phase. Thus lightweight organics, bound with inorganic acids and bases, can be545

transported across tropospheric regions and temperature largely resisting evaporation and promoting particle survival.
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Appendix A

A1 Mass Spectrometers

Data in Figs. 1 and 2 were collected using a low pressure (150 mbar), turbulent ion molecular reactor (IMR) with unipo-

lar chemical ionization time-flight-mass spectrometer, as previously operated with the FIGAERO inlet (Lopez-Hilfiker et al.,550

2014). The remaining figures used data from the Vocus B series (bipolar time-of-flight mass spectrometer) with resolution =

5000 (B2) or 10,000 (B4). The B4 instrument had deuterated organic reagents (i.e. C3D6O and C6D6) and dibromomethane

(CH2Br2) was added to the acetone permeation tube. This produced the following reagent ion modes – bromide (Br−), deuter-

ated acetone (C3D6O
+), iodide (I−), and deuterated benzene (C6D

+
6 ). The Vocus B series use an adduct ionization mechanism

(AIM) reactor (Riva et al., 2024) with pressure control maintained at 50 mbar for all experiments.555

Table A1. Instrumental components for data presented in the main figures. The reagent ions for the negative and positive mode, if applicable,

are listed and the scheme in bold was used for the data presented each figure.

Front-end Detector

IMR Negative polarity Positive polarity ToF

Fig. 1 turbulent I− n/a unipolar

Fig. 2 turbulent I− n/a unipolar

Fig. 3 AIM O−
2 , I− C3H6O+, C6H

+
6 B2

Fig. 5 AIM Br−, I− C3D6O
+, C6H+

6 B4

Fig. 6 AIM O−
2 , I− C3H6O+, C6H6+ B2

Fig. 7 AIM O−
2 , I− C3H6O+, C6H

+
6 B2

Fig. 8 AIM O−
2 , I− C3H6O+, C6H

+
6 B2

Fig. 9 AIM O−
2 , I− C3H6O+, C6H

+
6 B2

A2 CLOUD chamber ammonium sulfate aerosol

Figure A1 compares aerosol produced from atomized (NH4)2SO4 solution (further referred to as atomized aerosol) and sec-

ondary aerosol produced from the condensation of sulfuric acid and ammonia vapors (i.e. chamber aerosol). The sulfuric acid

thermograms are similar between the (a) atomized and (b) chamber aerosol, though the evaporation temperature (analogous to

elapsed time) varies due to different heating rates. In Fig. A1e, the relative amplitudes of the ammonia modes for the chamber560

sample appear to be more equal compared to the atomized sample. Particularly, the ammonium sulfate decomposition (first)

mode appears to have similar amplitude to the ammonium hydrogen sulfate (third) mode, suggesting the aerosol is not fully

neutralized. The third column normalizes the integrated area of each NH3 mode by the total integrated H2SO4 signal for each

sample. Once the baseline is removed, the samples more closely resemble one another, though for the chamber sample, the

ammonium sulfate (first) mode still appears lower than the ammonium hydrogen sulfate (third) mode, and the letovicite (sec-565
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ond) mode is less pronounced. The vapor pressure of ammonia is lowest when sulfuric acid is in excess so we expect efficient

ammonia uptake, but nevertheless there may be insufficient ammonia to completely neutralize the particles to ammonium sul-

fate. In general, Fig. A1 demonstrates that the results from aerosol atomization can be extended to samples formed via reactive

uptake in the atmosphere.

A3 PEG calibration570

Temperature-programmed desorption follows a Langmuir adsorption isotherm where the rate of adsorption depends on tem-

perature, pressure, and chemical composition. For FIGAERO CIMS, the rate of non-dissociative thermal desorption of aerosol

particles is described by the Hertz-Knudsen equation (Hertz, 1882; Cappa et al., 2007; Schobesberger et al., 2018).

dNi

dt
=− 1√

2πkBmiT
·P ∗

i (T ) ·χi ·α ·Γ(Kn) · SA (A1)

where for compound i, Ni is the number of molecules in the particle phase, kB is the Boltzmann constant, mi is the molar575

mass of a molecule of i, T is temperature, P ∗
i is the saturation vapor pressure, χi is a correction factor related to Raoult’s law,

α is the evaporation coefficient, Γ is a correction factor for gas diffusion, and SA is the particle surface area which governs the

rate of gas-to-particle mass transfer (Schobesberger et al., 2018).

Polyethylene glycol (PEG) polymers with literature vapor pressures are used to calibrate a Tmax-logc∗ relationship for

FIGAERO CIMS (Bannan et al., 2019; Ylisirniö et al., 2021, 2025). Typically, an aqueous mixture of PEG is atomized and580

collected on the filter and the aerosol is heated using the standard temperature ramp. A calibration curve is generated using

a linear fit of the experimental Tmax values to literature vapor pressure, Psat (Krieger et al., 2018; Ylisirniö et al., 2021).

Saturation vapor pressure is converted to volatility using Eq. A2.

C∗ (µg ·m−3
)
=

PsatMw

RT
× 106 (A2)

where C∗ is the saturation concentration, Mw is the molecular weight (gmol−1), R is the ideal gas constant (8.314 Jmol−1 K−1),585

and T is temperature (K).

Table A2 summarizes the results of three independent calibrations for different instruments: Unipolar, B2, and B4 FIGAERO

CIMS. All Tmax values are obtained from thermograms using I− reagent to detect PEG molecules. The calibration for the

unipolar FIGAERO CIMS was performed at the CLOUD17 campaign occurring between Sep-Dec 2024. A 0.5 g L−1 solution

of PEG-400 and deionized water was atomized to create aerosols which were subsequently passed through an aerosol dryer590

and collected on the filter at a rate of 1 Lmin−1. The filter mass loading was varied by adjusting the particle collection time

to be 15, 20, 45, 60, 90, and 120 seconds. Table A2 shows the mean (n = 6) for different mass loadings with the standard

deviation less than or equal to ±3.2 ◦C. The B2 instrument was calibrated at Aerodyne Research Inc. (Billerica, MA) in

January 2025. The B4 instrument was calibrated at the CLOUD18 campaign (Geneva, Switzerland) in October 2025. Both

B-series calibrations used a differential mobility analyzer (DMA) to select particle size and a condensation particle counter595

27

https://doi.org/10.5194/egusphere-2026-4542
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



0 200 400 600 800
1000

Elapsed Time [s]

102

103

104

105

Si
gn

al
 [i

on
s/

s]

Atomized
(a)

Elapsed Time [s]

0 200 400 600 800
1000

0

5

10

15

20

25

Si
gn

al
 [i

on
s/

s]

#103

(b)

(NH 4
) 2

SO 4

(NH 4
) 3

H(SO 4
) 2

NH 4
HSO 4

N
or

m
. i

nt
eg

ra
l  

(N
H 3 m

od
e/

 S
A)

0

0.1

0.2

0.3

0.4

0.5

0.362
0.329

0.449
(c)Acid

H2SO4

Base
NH3
Filter blank
Fit

0 200 400 600 800
1000

Elapsed Time [s]

101

102

103

104

Si
gn

al
 [i

on
s/

s]

CLOUD chamber
(d)

Elapsed Time [s]

0 200 400 600 800
1000

0

0.5

1

1.5

2

Si
gn

al
 [i

on
s/

s]

#103

(e)

(NH 4
) 2

SO 4

(NH 4
) 3

H(SO 4
) 2

NH 4
HSO 4

N
or

m
. i

nt
eg

ra
l  

(N
H 3 m

od
e/

 S
A)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.164

0.043

0.254

(f)

Figure A1. Comparison of ammonium sulfate thermograms for atomized versus CLOUD chamber aerosol. The two rows represent

thermograms from atomized (NH4)2SO4 solution and in situ aerosol formation in the CLOUD chamber, respectively. Thermograms are

plotted against elapsed time of the temperature ramp used for peak integration and which is analogous to increasing temperature. The

absolute difference in desorption time (i.e. temperature) between the two samples can be attributed to different instruments used and different

heating rates. (a, d) Sulfuric acid thermograms are plotted in red in the first column with grey dashed lines marking the peak centers from

the Gaussian curves used to fit the ammonia signal. The thermogram from atomized aerosol has a more pronounced shoulder around the

second vertical line which is associated with letovicite decomposition. Sulfuric acid begins desorbing at the first ammonia mode (vertical

line) with increasing signal until reaching a maximum at the third ammonia mode. (b, e) The total ammonia (NH3) signal is plotted as a

solid grey line in the second column, with the baseline plotted in dashed grey lines. Three Gaussian peaks with increasingly dark green

color represent the decomposition of ammonium sulfate ((NH4)2SO4), letovicite ((NH4)3H(SO4)2), and ammonium hydrogen sulfate

(NH4HSO4), respectively. The total fit combined from the three Gaussian curves and the baseline is displayed in blue on top of the original

ammonia trace. While this method generally fits the data well, we note that uniform Gaussian may not best explain the underlying chemical

and physical processes. (c, f) The third column plots the integrated area ammonia modes where the height of each bar represents the ratio of

the integrated ammonia mode divided by the total integrated sulfuric acid thermogram for each sample.
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(CPC) to quantify particle number concentration and calculate filter mass loading. The B2 calibration used 0.5 g L−1 solution

of PEG-600/HPLC water and the B4 calibration used a solution of 1 g L−1 PEG-400/Milli-Q water.

Calibration is important to account for variations between instrument configuration (e.g. thermocouple placement relative

to the filter) and operation (e.g. rate of temperature ramp). Other factors affect the calibration beyond innate properties (i.e

vapor pressure) and instrumental differences. Atomization, for example, produces results more consistent with ambient aerosol600

compared to syringe deposit of solution onto the filter (Ylisirniö et al., 2021). The particle physical properties also matter,

notably particle diameter and overall mass loading on the filter. A previous study found small shifts (∼ 7 ◦C) in Tmax varying

with particle mobility diameter between 80 and 300 nm (i.e. surface area in the Hertz-Knudsen equation) (Cappa et al., 2007;

Ylisirniö et al., 2021). However, our inter-comparison finds an even larger discrepancy where Tmax can vary by over 20 ◦C

within a more narrow particle size range. Figure A2 shows the calibration curves for PEG particle size-selected to 40, 100, and605

200 nm. While the slope of the calibration curve is relatively the same across the calibrations, the y-intercept decreases with

particle surface area. For the comparison between atomized and chamber ammonium sulfate (Fig. A1), we observed the same

relatively ordering of modes but the atomized sample modes appearing at higher temperatures. The atomized samples were size

selected to 100 nm for which we have a calibration with the B2 instrument and multiple calibrations with the B4 instrument

that occurred over multiple days. Ambient and chamber aerosol should use monodisperse calibrations corresponding to the size610

mode that will contribute most to overall surface area on the filter. Here, the calibration curve for the 40 nm PEG particles can

be used when measuring smaller particles, but more detailed calibrations may be necessary to increase the accuracy of logc∗.

For the purposes of this study, observing reactive species that lack a Tmax-logc∗ relationship, the presented calibrations are

included primarily for reference for users that have different instruments.
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Table A2. Summary of PEG calibrations

Tmax (◦C)

Dp (nm) ∼ µg PEG-5 PEG-6 PEG-7 PEG-8 PEG-9 PEG-10 PEG-11 lnPsat =m(Tmax)+ b

Unipolar n/a - 50.2 70.9 88.9 106.1 124.9 144.2 m=−0.161

±3.2 ±3.0 ±2.4 ±1.4 ±3.0 ±2.0 b=−2.139

B2 100 0.1 - - 61.8 71.5 89.7 101.1 110.8 m=−0.20

b=−1.25

200 2 43.2 58.4 75.2 92.2 106.7 118.7 131.3 m=−0.18

b= 0.33

B4 100 0.1 - 46.1 67.8 84.7 98.7 109.8 122.1 m=−0.15

b=−3.45

0.1 - 46.2 67.6 83.9 97.2 118.3 126.8 m=−0.17

b=−2.22

0.1 - 44.3 65.4 82.1 98.0 109.8 120.4 m=−0.17

b=−2.89

0.1 - 43.8 64.7 82.1 98.7 110.4 117.8 m=−0.16

b=−3.18

0.1 - 44.2 66.8 85.1 98.1 110.9 118.0 m=−0.16

b=−2.98

0.1 - 41.9 64.2 80.9 95.2 107.4 115.0 m=−0.17

b=−3.20

- 44.9 66.1 83.1 97.7 111.1 120.0 m=−0.17

±1.1 ±1.5 ±1.7 ±1.3 ±3.7 ±4.1 b=−2.67

40 0.09 - - 54.0 69.7 84.3 94.8 101.5 m=−0.19

b=−3.12

0.09 - - 54.4 69.9 82.3 96.4 107.2 m=−0.21

b=−2.16

0.09 - - 51.8 66.4 82.3 95.2 104.1 m=−0.19

b=−3.65

0.09 - - 54.1 69.3 85.4 97.3 105.0 m=−0.19

b=−3.47

- - 53.6 68.8 83.6 95.9 104.5 m=−0.19

±1.2 ±1.6 ±1.5 ±1.1 ±2.4 b=−3.11
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Figure A2. Calibration curves for monodisperse populations of 40 nm (blue), 100 nm (green), and 200 nm (red) PEG particles. For reference,

the instrument used (B2 or B4) is shown in the legend. Variations in solution preparation, calibration set-up, heating ramp, and the unique

FIGAERO inlets are likely to influence the calibration more than the base mass spectrometer.

A4 Thermogram slope-fitting615

In the previous section (appendix A3), the saturation vapor pressure (Psat) was experimentally determined using the tempera-

ture of maximum desorption (Tmax) (Bannan et al., 2019). Similarly, the enthalpy of vaporization (∆H) may be constrained by

the thermogram upslope, where more shallow upslopes correspond to lower ∆H (Schobesberger et al., 2018). The upslope is

obtained by a linear fit of the logarithmic thermogram signal (ln(IT−IT0
)) plotted as a function of inverse temperature (1/T ),

as an approximation of the Clausius Clapeyron equation (West et al., 2023).620

ln(p∗T )∼ ln(IT − IT0) =−∆H∗
vap

RT
+c (A3)

Though typically associated with the enthalpy of vaporization, the upslope can more broadly be considered the energy limiting

the rate of evaporation. Figures A3 and A4 compare ∆H derived from the thermogram upslopes for the salts in this study, with

polyethylene glycol (PEG) acting as a calibrant for classical evaporation driven solely by vapor pressure. The organic acids and

organosulfates are plotted separately because they were measured using different instruments and consequently have different625

PEG references.
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Figure A3 compares the upslopes for ammonium nitrate (blue), ammonium sulfate (red), ammonium oxalate (purple), and

ammonium citrate (green), along with a PEG calibration performed during the experiments (black squares). The enthalpies

of vaporization estimated using the upslopes of the PEG thermograms are biased low by approximately 20-50 kJmol−1,

compared to more a comprehensive treatment using the Hertz-Knudsen equation (eq. A1), as shown in grey crosses from630

Ylisirniö et al. (2025). This discrepancy is likely due to methodological differences, with a simpler line-fitting approach used

for this study. For the acids, solid and empty square markers correspond to signal associated with the iodide adduct and

deprotonated form, respectively. The plus markers indicate the ammonia evaporation temperature associated with each salt.

For ammonium nitrate and ammonium oxalate, the acid and base markers for a given salt are clustered together, indicating

their vaporization energies are similar. One notable exception is ammonium citrate where citric acid remains on the filter in its635

neutral form and desorbs at a higher temperature than ammonia. Ammonium sulfate behaves similarly since its decomposition

produces gaseous ammonia while keeping sulfuric acid in the particle phase in the bisulfate state. In general, the markers lying

above and below the PEG calibrations indicate other processes are affecting desorption beyond classical evaporation, though

there is also variability in ∆Hvap a function of volatility (C∗).

Figure A4 shows the enthalpy of vaporization for the organosulfur species including methyl sulfate (pink), hydroxymethane-640

sulfonic acid (red), ethyl sulfate (purple), butyl sulfate (blue), octyl sulfate (yellow), and decyl sulfate (orange). With the ex-

ception of butyl and ethyl sulfate, the longer chained alkyl organosulfates have steep upslopes, again suggesting a process

other than classical evaporation occurs. Therefore, it is unlikely the Hertz-Knudsen equation, where the rate of evaporation

is a function of vapor pressure, can appropriately describe the acid and base thermograms. Instead, a temperature-dependent

Arrhenius equation could replace enthalpy of vaporization with activation energy (EA).645
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Figure A3. Enthalpy of vaporization derived by thermogram upslopes for inorganic and organic acids. Acids detected as an iodide

adduct (filled square) and in the deprotonated form (empty square) are shown for ammonium nitrate (blue), ammonium sulfate (red), am-

monium oxalate (purple), and ammonium citrate (green). Ammonia is shown in the corresponding color as a plus sign. The PEG calibration

performed during these experiments is shown as black squares and the PEG calibration from Ylisirniö et al. (2025) is shown as grey crosses.
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Figure A4. Enthalpy of vaporization derived by thermogram upslopes for organosulfur species. Acids detected as an iodide adduct

(filled square) and in the deprotonated form (empty square) are shown for methyl sulfate (pink), hydroxymethanesulfonic acid (red), ethyl

sulfate (purple), butyl sulfate (blue), octyl sulfate (yellow), and decyl sulfate (orange). Two calibrations were performed with the organosul-

fate experiments using size-selected PEG particles with diameters of 40 nm (black circles) and 100 nm (blue triangles). An independent

PEG calibration using the Hertz-Knudsen equation to calculate Hvap is shown as grey crosses (Ylisirniö et al., 2025).
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A5 Thermodynamics

Table A3. Reference thermodynamic values taken from, aCRC Handbook of Chemistry and Physics. 106th Edition (?), bScott & Cattell,

1979 (Scott and Cattell, 1979), cGmitro & Vermuelen, 1963 (Gmitro and Vermuelen, 1963). Bold values are used to calculate reaction

thermodynamics in Table A4.

∆H298K
f (kJmol−1) S298K

f (Jmol−1 K−1) ∆G298K
f (kJmol−1) pKa1 pKa2

NH3(g) −45.9a 192.8a −16.4a 9.25

HNO3(g) −133.9a 266.9a −73.5a -1.5

HNO3(l) −174.1a 155.6a −80.7a -1.5

H2SO4(g) −732.2c 156.9c −651.2c -3 1.92

H2SO4(l) −814.9a 156.9a −690.0a -3 1.92

NH4NO3(s) −365.6a 151.1a −183.9a

(NH4)HSO4(s) −1027.0a 150.6b −803.7b

(NH4)2SO4(s) −1180.9a 220.1a −901.7a

Table A4. Reaction thermodynamics for ammonium sulfate and ammonium nitrate decomposition. The values for (NH4)2SO4 decomposi-

tion to ammonium hydrogen sulfate, (NH4)HSO4 are taken from Scott & Cantell, 1979 (Scott and Cattell, 1979). The remaining values are

calculated using the thermodynamic properties of the pure substances in Table A3. Bold values are used in the van ’t Hoff plot in Fig. 4 of

the main text.

∆H298K
rxn ∆S298K

rxn ∆G298K
rxn

(kJmol−1) (Jmol−1 K−1) (kJmol−1) ln(K298K
eq )

(NH4)2SO4(s) ⇋ (NH4)HSO4(s) +NH3(g) 124.6 123.0 87.9 -35.5

(NH4)HSO4(s) ⇋H2SO4(l) +NH3(g) 166.2 226.2 97.3 -39.8

H2SO4(l) ⇋H2SO4(g) 82.7 38.8

Net: (NH4)2SO4(s) ⇋H2SO4(g) +2NH3(g) 356.9 217.7

NH4NO3(s) ⇋HNO3(l) +NH3(g) 145.6 197.2 86.8 -35.0

HNO3(1) ⇋HNO3(g) 40.2 7.2

Net: NH4NO3(s) ⇋HNO3(g) +NH33(g) 185.8 94.0
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Data availability. Data for all figures in the main text and appendices will be made available at the Zenodo repository 10.5281/zen-
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