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ABSTRACT: Organic reactions in atmospheric particles impact
human health and climate, such as by the production of brown
carbon. Previous work suggests that reactions are faster in particles
than in bulk solutions because of higher reactant concentrations and
pronounced surface-mediated processes. Additionally, dialdehydes
may have accelerated reactions in particles, as has been shown for the
glyoxal reaction with ammonium sulfate (AS). Here, we examine the
competition between evaporation and reaction of butenedial, a
semivolatile dialdehyde, and reduced nitrogen (NHX) in bulk
solutions and levitated particles with mass spectrometry (MS).
Pyrrolinone is the major product of butenedial/AS bulk solutions,
indicating brown carbon formation via accretion reactions. By
contrast, pyrrolinone is completely absent in all MS measurements
of comparable levitated particles suspended in a pure N2 stream.
Pyrrolinone is only produced in levitated butenedial particles exposed to gas-phase ammonia, without enhanced reaction kinetics
previously observed for glyoxal and other systems. Despite butenedial’s large Henry’s law constant and fast reaction with NHX
compared to glyoxal, the brown carbon pathway competes with evaporation only in polluted regions with extreme NHX. Therefore,
accurate knowledge of effective volatilities or Henry’s law constants for complex aerosol matrices is required when chemistry studied
in bulk solutions is extrapolated to atmospheric particles.
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1. INTRODUCTION

Aqueous aerosol particles are important media for organic
reactions in the atmosphere.1,2 Volatile reactive compounds
such as glyoxal and isoprene epoxydiols (IEPOX) and their
reaction products are ubiquitous in atmospheric particles due
to their high solubility in water. Such reactions can significantly
influence particle loading and physicochemical properties,3,4

including by forming low-volatility reaction products that
absorb light, i.e., brown carbon.5 Associated implications for
human health and climate depend on the speed of the reaction
and its competition with other atmospheric processes.
The prevailing consensus is that reactions tend to be faster

in aqueous particles than in corresponding bulk solutions.6

This increased rate of reaction is attributed to the high reactant
concentrations of particles, which are often supersaturated
compared to bulk solutions, and resulting high acidity.2 More
recently, the surfaces of particles and other aqueous micro-
compartments have been thought to further accelerate
reactions by influencing their energetics and kinetics.7 The
effect of the liquid/gas interface in bulk solutions is negligible
but can be important in particles, which have surface-area-to-
volume (SA:V) ratios that are orders of magnitude larger than
bulk solutions. Recent laboratory studies have estimated that

the surface could cause substantial (50−106 times faster7−12)
accelerations on top of supersaturation effects. These findings
would suggest that particle-phase chemistry can have major
consequences for the composition of aerosol particles and the
atmosphere. However, direct extrapolation to atmospheric
particles is complicated by the high charge and short lifetimes
of electrospray droplets6,8,13,14 or the oil/water interface of
microfluidic droplets11,15 typically used in such studies. The
spread in observed accelerations is one indication that we are
still “scratching the surface” of chemistry in aqueous particles,
including the complex ways that particle surfaces influence
particle-phase reactions.
If reagents, both reactants and reaction intermediates, are

sufficiently volatile, evaporation is another important process
occurring at the particle surface. Evaporation can significantly
reduce reaction rates when the gas phase has low reagent
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concentrations. For example, Daumit et al.16 demonstrated
that the OH oxidation of polyols generated volatile reaction
intermediates that evaporated from submicron particles. The
distribution of reaction products was shifted relative to that
observed in bulk solutions, from which the evaporation of
reagents is negligible. The systematic study of the influence of
reactant evaporation on reaction is relevant given the recent
work on surface-induced chemistry, although it is difficult with
typical laboratory setups. As mentioned before, bulk solution
surrogates have negligible surface effects on aqueous phase
chemistry. In environmental chamber studies, populations of
authentic particles live up to hours. As the gas phase often
contains large concentrations of volatile reagents, the
experimental setup precludes reagent evaporation from acting
in isolation of condensation17 and wall losses.18 It is therefore
difficult to isolate reagent evaporation and reaction from other
processes that can occur in chambers. This is also the case in
flow tubes, which additionally have experimental time scales
that are much shorter than atmospheric particle lifetimes. This
makes studies of the competition between gas-particle
partitioning and particle chemical reactions very difficult to
study when bulk reactions are slow with respect to the
residence time of the flow reactor.
Alternatively, atmospheric aerosol processes can be studied

in singly levitated particles. Levitated particles are capable of
residing on atmospheric (hour to week) time scales in a
controlled, clean gas phase.19 Particles levitated with an
electrodynamic balance tend to have only a small charge
relative to electrospray droplets,20 are spherical, and have radii
of 10s of μm or greater. They are therefore relevant to
deliquesced aqueous particles that are large enough to have a
negligible Kelvin effect of curvature but can be supersaturated
compared to bulk. Recently, the coupling of single particle
levitation with an electrodynamic balance to mass spectrom-
etry (EDB-MS) was developed by Birdsall et al.21 and,
separately, Jacobs et al.20 The advantage of this technique is
that chemistry can be studied at the molecular level in
laboratory surrogates that replicate the shape and lifetime of
atmospheric particles, enabling a faithful representation of the
interaction of overlapping physicochemical processes. With
EDB-MS, Birdsall et al.21 demonstrated that vapor pressures of
polyethylene glycol can be accurately estimated from multi-
component particles exposed to nitrogen gas. Jacobs et al.20

estimated that a bimolecular reaction between essentially
involatile reactants was 25% faster in ∼30 μm levitated
particles compared to that in bulk solutions, a significant
acceleration but one that is modest compared to those
demonstrated in electrospray droplets. We build on this work
by using a combination of bulk solution and levitated particle
experiments to elucidate the interplay between evaporation
and particle-phase reaction of volatile reactants as well as
evaluate whether bulk rate constants and mechanisms apply to
aerosol.

In this study, we consider whether the bimolecular reaction
between butenedial, a semivolatile 1,4-dialdehyde, and reduced
nitrogen (NHX, here NHX = NH3 + NH4

+) is accelerated in
particles compared to those in the bulk and how that reaction
competes with evaporation. Butenedial is an atmospherically
relevant product of fossil fuel combustion and biomass
burning.22−25 Research in laboratory studies has shown that
oxidation of abundant volatile compounds, such as aromatics
and furans, can form butenedial at molar yields comparable to
those of 1,2-dicarbonyl coproducts26,27 or as the dominant
product.28,29 We have recently characterized butenedial
evaporation in salt-containing levitated particles30 and
reactivity in aqueous ammonia solutions.31 The butenedial/
ammonium sulfate (AS) chemical system is similar to those in
well-studied glyoxal and methylglyoxal chemistry, which is
suggested to be important in the atmosphere and a source of
brown carbon.32−34 Others have found that this chemistry
might be too slow to produce substantial reaction product
mass under ambient conditions17,35,36 compared to other loss
processes, such as deposition. Some of these studies were
performed in bulk solutions, and so, if surface accelerations or
other particle effects are significant, this could suggest an
increased role of dicarbonyl/NHX reactions in atmosphere
chemistry.
Like glyoxal, butenedial is hydrated extensively in aqueous

media, has a large effective Henry’s Law coefficient (6 × 107 M
atm−1),30 and forms brown carbon through a reaction with
NHX.

31 In a recent study in bulk solutions, we observed a
much faster butenedial/AS reaction than those of glyoxal and
methylglyoxal.31 Intriguingly, glyoxal/AS reactions have been
shown to be accelerated in drying droplets that simulate
evaporating cloud droplets.37 The acceleration has in part been
attributed to the preconcentration of glyoxal and AS during
water removal but more substantially to the shift of dihydrated
glyoxal to its reactive monohydrate, which accompanies the
drying.37−39 Additionally, glyoxal reactive uptake by AS and
methylammonium salt particles was observed to increase at
lower relative humidities due to enhancement of the “salting
in” effect.40,41 Butenedial reactions may not exhibit similar
accelerations in drying droplets, as butenedial was not
observed to preferentially form a monohydrate upon drying
and is suggested to remain “kinetically frozen” as a dihydrate.30

Unlike glyoxal and like methylglyoxal, butenedial vapor
pressure increases (“salting out”) in the presence of sulfate.30

In summary, the study of the butenedial/NHX reaction and
evaporation is itself atmospherically relevant and furthers our
understanding of related chemical systems and their interplay
in the atmosphere.
In this work, we compare the competition between the

butenedial reaction with NHX and evaporation in aqueous bulk
solutions and levitated particles. In the bulk solutions,
evaporation is negligible, whereas in the levitated particles,
reactants and products are volatilizable but are expected to be

Table 1. List of Experiments Performed in This Study, According to Chemical Systema

Experiment [BD]0(M) [NHX]0(M) [S(VI)] (M) [PEG-6] (M) XH2O pNH3(ppm)

Butenedial/AS bulk liquid (MS) 0.4 0.4 0.2 0.7 0.95 0
Butenedial/AS particle (EDB-MS) 1.0 1.0 0.5 1.8 0.80 0
Butenedial particle + NH3(g) (EDB-MS) 1.6 0 0 1.4, 1.9 0.80 0.7, 3.5, 18, 180

aInitial butenedial (BD) and reduced nitrogen (NHX) are provided. Other values were held constant throughout experimental runs. In the
butenedial particle + NH3 (g) experiments, PEG-6 was 1.4 M for 0.7 ppm pNH3 experimental runs and 1.9 M for 3.5, 18, and 180 ppm pNH3
experimental runs.
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more reactive, due to their higher concentrations and the
increased SA:V. Composition is monitored with measurements
of butenedial and butenedial/NHX reaction products. The
previously determined Henry’s law constant30 and a reaction
mechanism with rate constants determined from bulk studies31

are used to predict the observed butenedial fate.

2. METHODS

Butenedial and NHX reaction and evaporation were studied in
particles levitated in an EDB and compared with previous
results in bulk solutions. Experimental conditions are listed in
Table 1. Measurements of the composition were taken with
MS and calibrated with NMR and MS measurements of a
similar reaction mixture. A custom model kinetic mechanism,
combining butenedial evaporation and a previously determined
butenedial/NHX reaction mechanism and rate constants, was
compared against levitated particle measurements.
2.1. Materials and Instruments. All chemical constitu-

ents were obtained from Sigma-Aldrich unless otherwise
specified. The synthesis of butenedial is described elsewhere
in greater detail.30,42 Mixtures containing 2.4 M 2,5-dihydro
2,5-dimethoxyfuran (TCI America, 98%) and 3.4 M glacial
acetic acid (HAc, VWR, 99.7%) were prepared. After about 10
days of reaction at room temperature, we purified mixtures
with rotary evaporation to 75% butenedial by weight (w/w).
The remaining 25% was predominantly residual water and
HAc. All mixtures were well mixed at the start of reactions.
Reacting mixtures were kept in capped glass without further
stirring.
The EDB-MS apparatus is described in detail by Birdsall et

al.21 A droplet-on-demand particle generator injected ∼140 pL
aqueous particles through a charging coil into the EDB
levitation chamber. A superposition of AC and DC electrodes
produced an electric field that levitated particles for a defined
period of time. During the levitation, 95 sccm humidified or
dry nitrogen gas flowed through the EDB. Once the particle
was ready to be analyzed, the gas flow and the electric field
were adjusted, pushing the particle downward to impact a glass
slide heated at 220 °C. The glass slide heated the particle, and
a corona discharge ionized the resulting vapors to be drawn
into the inlet of a commercial time-of-flight mass spectrometer
(JEOL AccuTOF). The analysis was destructive: one mass
spectrum could be recorded per particle. Particles were
levitated for a range of residence times to track their chemical
evolution.
Mass spectral signals were recorded as counts per integer

mass-to-charge (m/z) channel. Hexaethylene glycol (10−20%
w/w; PEG-6, 99%) was used as an internal standard for MS
measurements. All other analytes are reported in counts per
PEG-6 recorded at m/z 283 (the channel of the corresponding
PEG-6−H+ adduct), as shown in Figures S1−S3. There has

been no evidence of interactions between butenedial and PEG-
6.30 Distilled H2O was the solvent for all MS experiments.

2.2. Kinetic Measurements. 2.2.1. Experimental con-
ditions and recorded species. The initial conditions in the MS
kinetic experiments are reported in Table 1. Bulk solution
compositions were known. Particle composition was estimated
with the thermodynamic model AIOMFAC (https://aiomfac.
lab.mcgill.ca/, last accessed: 2020 April 07) simulations.43

These estimates reflected known relative concentrations of
solutes and 75% relative humidity (RH). In the EDB
experiments, RH measured with a Sensirion SHT31 probe
fluctuated between 70 and 80%. The AIOMFAC calculated
water mole fractions were 0.80 ± 0.02 for butenedial and 0.80
± 0.03 for butenedial/AS particles. The variability in water
mole fraction could influence reaction and evaporation
kinetics, chiefly through altering particle solute concentration,
radius, and viscosity. The associated variability in calculated
particle solute concentrations is 13−20%, which therefore
produced variations in reaction rates and directly affected the
calculated lifetimes against reaction in particles. Effects on
particle viscosity were negligible. Radius and first order
evaporative lifetimes were not significantly affected by the
observed variability in RH. NH3 mixing ratios were calculated
from the NH3 bubbler concentration and assumed 75%
saturation vapor pressure, as RH was 75% (see Supplemental
Section 3.3 for more details). Measured species are shown in
Figure 1. Butenedial (BD) was the reactant, and pyrrolinone
(PR) and a butenedial-pyrrolinone “dimer” (BD-PR) were the
major reaction products determined in a previous study.31 For
the butenedial particle +3.5 ppm of NH3 experimental run, the
concentrations of measured species (butenedial, pyrrolinone,
and BD-PR dimer) were calculated with calibrations of the MS
data (Figure S4). MS normalized signals (counts per count
PEG-6) were calibrated to concentrations (molarity) with
experimental data that was performed with MS and NMR.

2.2.2. Methodology. All measurements were obtained with
MS by injecting particles from bulk solutions into the EDB. In
the case of bulk solution measurements, particles were not
trapped and simply passed through the EDB, with a purge gas
of ∼250 sccm dry nitrogen (N2). The particles were airborne
in dry N2 for approximately 1 s during the transfer process.
Water evaporation occurred at about the same time scale,
causing increased reactant concentrations for a very brief
period. No evidence of product formation was observed from
this concentration increase.
Levitated particles were trapped in the EDB and exposed to

humidified nitrogen, which was achieved by passing 95 sccm
dry nitrogen through a bubbler containing distilled H2O with
or without dilute aqueous NH3 (VWR, 28−30% in H2O).
Particle sizing measurements (typically estimated as approx-
imately 11−16 μm in previous work30) were not performed to

Figure 1. Chemical structures of butenedial and major products of its reaction with NHX. Observed mass-to-charge (m/z, of protonated
compound) ratios are provided. Both cis and trans isomers are possible for BD and BD-PR.
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reduce transfer time, typically less than 2 min for levitated
particles. The transfer time was longer for levitated particles
compared to bulk solution measurements because the purge
flow was increased stepwise to ∼250 sccm, which ensured
reliable transfer. Solution solute weight fractions were
maintained at 25−30% w/w and RH at ∼75% to consistently
constrain particle size to similar radii. For butenedial/AS
particles, reaction progress in the bulk liquid was at most 10
min before trapping, which resulted in insignificant product
formation under the conditions of the bulk liquid.
Substantial shot-to-shot variability has been observed in the

EDB-MS experimental setup.21,30 Shot-to-shot variability was
shown to be the major source of uncertainty in subsequent
parametrizations. A previous study found no systematic
sources of variability.21 In this study, additional variability
could result from inconsistencies in transfer of reaction
mixtures, flow of NH3, and composition across particles. In
the quantitative comparison against model outputs, observa-
tions were clustered and the resulting error among clusters
contained shot-to-shot variability and uncertainty from the
calibration. The clustering was performed with Python’s
sklearn.cluster library using a K-means approach.
2.3. Model Kinetic Mechanism. The model kinetic

mechanism comprised previously determined butenedial/
NHX and butenedial/OH− aqueous-phase reactions31 and
butenedial evaporation.30 The mechanism was formulated as
ordinary differential equations, one ordinary differential
equation per chemical compound, as shown in eqs 1−3:
butenedial (BD), pyrrolinone (PR), and butenedial-pyrroli-
none dimer (BD-PR). As shown in previous work, butenedial,
pyrrolinone, and BD-PR dimer were reactive with accretion
products (AP): oligomer-like molecules formed through the
reaction. As was assumed in that study, accretion products
were estimated to have the same concentration as the BD-PR
dimer.31

The rate constants k1−k6 were taken from a fit performed in
a previous study.31 The evaporation rate constant (ke) was
calculated from a first order fit to butenedial evaporation data
reported previously in the absence of ammonium.30 As is
discussed in greater detail in Supporting Information Section
3.1, butenedial evaporation is approximately first order if it is
sufficiently dilute, as is the case in the humid conditions and
high PEG-6 content of particles in this experiment. If
butenedial is the major constituent, then butenedial loss
decreases particle radius and concentration, leading to a rate
law that is no longer first order. ke was found to be 6.4 × 10−3

± 1.5 × 10−3 min−1 without sulfate and 6.4 × 10−3 ± 2.0 ×
10−3 min−1 with 1.8 M sulfate (Figures S5, S6). A Monte Carlo
simulation was performed to derive the reported 95%
confidence intervals on model runs using previously reported
uncertainty estimates for k1-k6 and the first order fit discussed
in the Supporting Information Section 3.1 for ke.
Particle-phase and gas-phase NH3 were estimated from the

known solution composition of the bubbler as described in SI
Section 3.3. pH was not explicitly measured in the levitated
butenedial particles. The estimated pH of 6.9 reflected the
initial acidity of the particle matrix, evaporation of residual
acetic acid during levitation, NH3 dissolution, and the
production of acid during butenedial/NHX reaction, as
observed previously.31 The sensitivity of model outputs to
NH3 and pH are shown in Figures S8 and S9, respectively, for
the butenedial particle +3.5 ppm of NH3 experimental run.
Calculation of NH3 is robust and uncertainty in NH3 due to,

e.g., fluctuations in RH (∼5%), would not strongly affect
model outputs. Over the range of pH tested (6−9), butenedial
and BD-PR dimer were not found to be very sensitive to pH.
Pyrrolinone was much more sensitive, although model-
observation agreement of pyrrolinone was especially strong
at pH 6.9. As such, although NH3 and, to a greater extent, pH
are unconstrained in experimental runs, they do not strongly
affect overall model uncertainty, especially as it relates to
butenedial reactive loss.

d BD
dt

k BD k BD k BD NH k BD PR OH

k BD AP

e 1 2 3 3

4

[ ] = − [ ] − [ ] − [ ][ ] − [ ][ ][ ]

− [ ][ ]

−

(1)

d PR
dt

k BD NH k BD PR OH k PR AP2 3 3 5
[ ] = [ ][ ] − [ ][ ][ ] − [ ][ ]−

(2)

d BD PR
dt

k BD PR OH k BD PR AP3 6
[ − ] = [ ][ ][ ] − [ − ][ ]−

(3)

3. RESULTS
3.1. Reactivity of Butenedial/AS Bulk Liquids versus

Levitated Particles. In Figure 2, reaction progress is

compared between 0.4 M butenedial/0.2 M AS bulk liquids
and 1 M butenedial/0.5 M AS levitated particles without NH3
in the surrounding gas phase, through MS measurements of
pyrrolinone, the reaction product. Pyrrolinone accumulates in
bulk liquids over several hours, but it is not detected in any
recorded spectra of levitated particles over similar time scales.
Reaction is expected to be accelerated in levitated particles
from reactant preconcentration and from surface effects. We
do not find that butenedial or pyrrolinone loss are sufficiently
fast to explain the absence of pyrrolinone in levitated particles
(Figure S7). NH3 on the other hand has a very fast evaporation
time scale on the order of seconds to minutes,44 and competes
with reaction.

3.2. Reactivity of Butenedial Levitated Particles
Exposed to Gas Phase NH3. The dependence of
butenedial/NHX reaction on NH3 gas-phase mixing ratio was
studied in 1.6 M butenedial levitated particles exposed to a
stream of humidified N2 containing NH3 gas (0.7, 3.5, 18, and
180 ppm of NH3). MS measurements of butenedial and
pyrrolinone at each NH3 mixing ratio are shown in Figure 3.

Figure 2. MS measurements of pyrrolinone (PR) are shown as a
function of reaction time in butenedial/AS levitated particles and bulk
liquids over 18 h, as signals normalized to PEG-6 (sig.). Levitated
particles were exposed to humidified N2 gas devoid of NH3.
Pyrrolinone signal was insignificant in all measurements of levitated
particles.
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Butenedial is observed at all but the highest NH3 exposure due
to the fast butenedial/NHX reaction rate when exposed to 180
ppm of NH3. Pyrrolinone is detected in all measurements and
is shown to be largest in the 3.5 and 18 ppm of NH3
experimental runs. With high NH3, pyrrolinone formation is
fast. Increased dissolution of NH3 also raises the pH, which
accelerates dimerization of pyrrolinone with butenedial and
subsequent accretion reactions, the sinks of pyrrolinone. We
suggest that pyrrolinone concentration is higher at 3.5 and 18
ppm of NH3 compared to 175 ppm of NH3 because the
pyrrolinone loss terms are slower relative to the fast
butenedial/NHX reaction.
3.3. Application of Model Kinetic Mechanism to

Levitated Butenedial Particles Exposed to NH3 Gas. The
model kinetic mechanism described in eqs 1−3 was applied to
the 1.6 M butenedial levitated particles exposed to 3.5 ppm of
NH3 gas, equivalent to 0.22 mM NH3 (p). Mechanistic
performance is assessed against calibrated particulate butene-
dial, pyrrolinone, and butenedial-pyrrolinone dimer measure-
ments in Figure 4. The model kinetic mechanism replicates
butenedial and pyrrolinone concentrations and slightly over-
estimates the dimer, which could be due to the calibration. We
therefore do not show evidence of a significant reaction
acceleration in levitated particles.
Using the model kinetic mechanism, we consider how

particle pH and NH3 mixing ratio modulate the competition
between evaporative and reactive loss of particulate butenedial
(Figure 5). The butenedial/NHX and butenedial/OH−

reaction is a source of brown carbon and particle mass.31

The fate of butenedial between the reactions, i.e., with OH− or

Figure 3. MS measurements of butenedial (top) and pyrrolinone (bottom) in levitated particles exposed to gas-phase NH3, shown as signals
normalized to PEG-6 (sig.). Estimated gas-phase NH3 are listed at the top of each column. Pyrrolinone is detected in all experimental runs, and
butenedial is detected in all except at 175 ppm of NH3.

Figure 4. Comparison of measured and modeled butenedial (BD), pyrrolinone (PR), and butenedial-pyrrolinone dimer (BD-PR) concentrations
in levitated butenedial particles exposed to humidified N2 gas with 3.5 ppm of NH3. Measurements of each species are calibrated and are shown as
particulate concentrations. The model is run at particle pH 6.9, 0.22 mM NH3 (the equivalent concentration of particles equilibrated with 3.5 ppm
of NH3), and 1.6 M initial butenedial. The 95% confidence interval of model runs reflects the uncertainty in the model parametrization.

Figure 5. Competition between evaporative and reactive loss with
NHX or OH− of butenedial is shown as a function of NH3 mixing
ratio and sulfur concentration, either 0.1 or 5 M. A fractional
butenedial fate of 1 indicates that the loss process is totally
consuming. It was assumed that butenedial concentration was 1 M
and that particles were the size of those levitated in the EDB (11−16
μm) for which the evaporation rate constant ke is valid. Approximate
NH3 mixing ratios are identified for the upper troposphere (UT)/
remote, lower troposphere (LT), polluted lower troposphere, and
NH3 plumes.
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NHX and subsequent accretion, versus evaporation is shown as
a function of NH3 mixing ratios and typical particulate sulfur
concentrations, which both influence pH in atmospheric AS
particles. With increased pH and NH3 mixing ratio, brown
carbon reaction is a more competitive sink, which is due to
pyrrolinone formation and subsequent accretion. Typical
ambient NH3 mixing ratios are <10 ppb and can be 20−30
ppb in East and South Asia.45−48 Occasionally, 100 ppb to >1
ppm of NH3 is recorded.

49−51 The reaction will outcompete
butenedial evaporation in the atmosphere only in localized
cases unless butenedial is present in the gas phase and when
particulate sulfur is low.

4. DISCUSSION
4.1. Surface and Bulk Processes. Not surprisingly,

evaporation not only of reaction intermediates or products
such as in the study of Daumit et al.16 but also of the reactants
themselves, in this case NH3, competes with reactions in the
aqueous phase of particles. Presence of gas-phase NH3 allows
the reaction to proceed at a rate that is competitive with the
evaporation of butenedial, a semivolatile organic compound.
The reaction rate in levitated particles is consistent with the
model kinetic mechanism determined from bulk solutions, in
spite of a ∼ 103 increase in SA:V and observed acceleration of
glyoxal, another dialdehyde, reaction with NHX in evaporating
droplets. Specifically, there is no evidence of acceleration of
butenedial/NHX reaction by the particle surface, and it is
unlikely that a significant surface effect is observed in this
chemical system. The much lower charge of levitated particles
compared to electrospray droplets may explain the difference
in observed accelerations, in accordance with other research.13

Furthermore, in contrast to glyoxal, butenedial/AS reaction is
not observed to accelerate due to solvent evaporation. We
suggest that because butenedial has been shown to remain
“kinetically frozen” as a dihydrate at low RH,30,31 it does not
preferentially convert to its monohydrate during particle
drying, a phenomenon to which Lee et al.37 attribute the
observed glyoxal/AS reaction rate increase. Whereas the strong
“salting in” effect observed for glyoxal would enhance the
competitiveness of reaction against partitioning, in the
presence of sulfate, butenedial “salts out.” Building off of
previous work, we suggest that dialdehydes have differences in
their fundamental behavior that have implications for
atmospheric chemistry.
4.2. Atmospheric Aerosol Mimics. Bulk solutions have a

long history in atmospheric research in the study of condensed
phase reactions that are proposed to occur in aqueous particles.
It is typically assumed that if particle concentration, pH, and
ionic strength are accounted for, chemical speciation and
kinetics from studies in bulk solutions are directly applicable to
atmospheric particles. As enhanced reaction kinetics were not
observed in levitated particles, this work suggests that the
particle surface does not accelerate reactions compared to bulk
solutions for the system studied here. However, bulk solutions
miss the important effect of gas-particle partitioning on
particle-phase chemistry. It has been shown that species like
glyoxal have a speciation that depends on liquid water
content,39 which in atmospheric particles is predominantly
modulated by relative humidity. Additionally, evaporation of
volatile reaction intermediates16 as well as reactants can reduce
reaction rates. Thus, studies of bulk solutions extrapolated to
atmospheric particles could overestimate the importance of
chemical reactions if reactants and/or intermediates are

sufficiently volatile. We suggest that accurate knowledge of
the effective volatilities or Henry’s law constants for complex
aerosol matrices is required when chemistry studied in bulk
solutions is extrapolated to atmospheric particles.
Laboratory particles (including levitated particles, electro-

spray droplets, and other aqueous microcompartments) can
replicate the geometry and physical and chemical properties of
atmospheric aerosol particles. However, as has been suggested
by others, the usage of highly charged particles may induce
effects on chemistry13 and is not relevant for atmospheric
particles. The particular advantages of the levitated particles in
this work, that they authentically capture the relationship
between particle and surface processes on time scales relevant
to the atmosphere, may not be relevant to studies where the
potential chemical complexity, nonsphericity, or diffusion
limitations of real particles must be considered. We propose
that studies of reaction rates at lower relative humidity (where
bulk diffusion could be significantly slowed), investigations of
more complicated condensed phase reactions, and consid-
erations of the role of reaction intermediate evaporation would
be important steps to a further understanding of chemical
reactions in aqueous aerosol particles.

4.3. Atmospheric Implications. The amount of butene-
dial in ambient air is largely unknown, and field observations of
dicarbonyls besides methylglyoxal and glyoxal are needed to
understand their effect on atmospheric chemistry. As
demonstrated in Figure 5, chemical loss will rarely outcompete
evaporative loss for butenedial in atmospherically relevant NH3

concentrations. However, this does not preclude the
importance of this chemistry for climate. Laboratory studies
have shown that even a small concentration of chromophores
can significantly change the absorptive capacity of aerosol
particles.52,53 We have witnessed empirically that butenedial/
AS mixtures were darkened when less than 5% of the initial
butenedial was consumed.31 As such, the reaction pathway may
produce brown carbon even when it is not the dominant sink
of butenedial. This could, for example, be in agricultural
regions that experience persistently high NH3 concentrations.
Brown carbon formation could be enhanced regionally if
dicarbonyls and NH3 overlap. Biomass burning plumes, which
can be brown in color, could contain substantial amounts of
both reactants. Another atmospherically relevant scenario is
where fossil fuel combustion plumes overlay agricultural or
industrial plumes. This could take place, for example, in
densely populated and industrial provinces in eastern China.
Particle mass increases could lead to human health effects for
those communities that are exposed, but they are likely
outweighed by species that are coemitted in the associated
combustion processes (e.g., black carbon, sulfate, other
organics, nitrate).
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