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gator series: surfactants, films, and
coatings on atmospheric aerosol particles: a review

Kevin A. Wokosin,† Emma L. Schell and Jennifer A. Faust *

Surfactants are surface-active molecules or ions that can often be found at the surface of atmospheric

aerosol particles. Some surfactants, such as biomolecules in marine aerosol and cooking oils in urban

aerosol, are directly emitted into the atmosphere, whereas others form from secondary reactions in the

atmosphere. Environmentally relevant surfactants have long been studied in laboratory experiments and

computational models, but recent developments in mass spectrometry, spectroscopy, imaging, and

colorimetry have greatly expanded measurements of surfactants in ambient aerosol. This review focuses

on advances surrounding the following themes: techniques for measuring and modeling surfactants on

aerosol particles, the morphology of surfactant-coated aerosol particles, the impact of surfactants on

cloud droplet activation and ice nucleation, multiphase reactions and photochemical reactions on

surfactant-coated particles, and finally, field observations of surfactants on ambient particulate matter.

An exciting area for future work is the continued advancement of single-particle techniques to

simultaneously monitor morphology and composition of individual aerosol particles. Along with an

expansion of field sampling campaigns, more laboratory studies of increasingly complicated aerosol

systems are needed to bridge the gap between complex observations from the field and fundamental

investigations in the laboratory. Characterizing surfactants, films, and coatings on atmospheric aerosol

particles can provide insights relevant to how particulate matter impacts climate, air quality, and human

health.
Environmental signicance

Surfactants, or surface-active molecules, can be found as lms and coatings at the surface of aerosol particles in the atmosphere. Because surfactants change the
morphology, phase state, and surface properties of aerosol particles, they alter the ability of the particles to scatter and absorb solar radiation, to serve as cloud
condensation nuclei, and to act as ice nucleating particles. Each of these factors affects Earth's climate through radiative forcing. Surfactants also perturb
multiphase reaction pathways across the gas-particle interface, changing sinks for reactive gases in the atmosphere and changing the evolution of particle
composition with age. Characterizing surfactants, lms, and coatings on atmospheric aerosol particles can provide insights for climate, air quality, and human
health.
1. Introduction

Because of its anisotropic geometry, the air–water interface
presents a distinct environment from bulk gas and bulk
condensed phases. Surfactants, or surface-active agents, are
molecules consisting of hydrophobic and hydrophilic moieties
found at the boundary between phases. They are said to be
surface-active because of their favorable partitioning to the
interface. Atmospheric aerosols, or particles suspended in a gas,
oen contain organic surfactant molecules present at the
surface as monolayers, patchy islands, or thicker lms and
coatings.1–3 As illustrated in Fig. 1, some surfactants are directly
oster, Wooster, OH, USA. E-mail: jfaust@

y, University of Wisconsin–Madison,

the Royal Society of Chemistry
emitted to the atmosphere from primary sources, such as
biomolecules in the sea surface microlayer or oils from cook-
ing.4–7 Other species form through secondary reactions in the
atmosphere—either through heterogeneous reactions, through
gas-phase reactions that produce low-volatile, poorly soluble
products that adsorb to aerosol particles, or through particle-
phase reactions that form surface-active species.3,8–19

As a class, surfactants encompass anionic, cationic, and
nonionic species. Adsorption isotherms use principles of ther-
modynamics to model their partitioning to the air–water
interface.20–23 However, aerosol particles are complex chemical
environments, oen with high ionic strength, low pH, and high
concentrations of organic species.14,24,25 The salting out effect
can markedly enhance predicted surface concentrations of
organic species in the presence of inorganic salts.14,26 Further-
more, molecules ionize differently at the surface than in the
bulk. This observation dates back to the 1930s for carboxylic
Environ. Sci.: Atmos., 2022, 2, 775–828 | 775
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Fig. 1 Sources of surface-active molecules (black triangles) to
atmospheric aerosol particles include direct emission from primary
sources, gas-phase reactions that generate products that adsorb to
the particle surface, multiphase reactions across the gas-particle
interface that produce surface-active species, and particle-phase
reactions that form products that partition to the surface.
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acids27 and amines28 and to the 1950s for polypeptides and
proteins,29 and it is still an active area of research today.30–36

Accordingly, surfactants in atmospheric aerosol particles
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present rich systems for both fundamental and applied chem-
ical research.

Small amounts of surfactants can have dramatic implica-
tions for the physical and chemical properties of aerosol parti-
cles. Surfactants that change the optical properties of aerosol
particles will affect light scattering or absorption, thereby
altering radiative forcing effects on climate.2,3,37 Surfactants that
change hygroscopicity or water uptake will affect the ability of
the particles to grow into cloud droplets, also altering radiative
forcing.2,3,38–40 Similarly, surfactants that change ice adsorption
to the surface of aerosol particles will affect ice cloud formation,
again altering radiative forcing.2,3,41,42 Surfactants can also affect
the fate of reactive gases in the atmosphere, e.g. through loss of
species like ozone (O3) and hydroxyl radicals (OH) to the surface
of aerosol particles.2,3,43–46 Changes in the surface composition
of aerosol particles may even affect their toxicity when inhaled
into the respiratory system, although these relationships are not
well understood.47–49

A seminal review of organic lms on atmospheric surfaces
was published by Donaldson and Vaida in 2006,2 with
a comprehensive follow-up by McNeill et al. in 2013.3 Here we
will focus on newer developments in the world of surfactants,
lms, and coatings on atmospheric aerosol particles with an
emphasis on the following areas: experimental measurements
and modeling techniques, particle morphology, cloud droplet
activation, ice nucleation, multiphase reactions, photochem-
istry, and ambient observations.
2. Techniques for measuring and
modeling surfactants on aerosol
particles

To identify surfactants at the surface of aerosol particles, we
must measure both the chemical composition and the
morphology of the particles. As shown in the top portion of
Fig. 2, aerosol particles can be internally or externally mixed.50

In an internal mixture, each particle is a homogeneous
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Fig. 2 Representation of three aerosol populations with the same
average number and mass concentration, consisting of 50% ammo-
nium sulfate (gold) and 50% hydrophobic organic (blue) overall. Striped
particles are a 50 : 50 homogeneous mixture of ammonium sulfate
and hydrophobic organics. The representative real world mixture
contains homogeneous particles, pure inorganic and pure organic
particles, a partially engulfed (or lens) particle, and a core–shell
particle. In this hypothetical scenario, ammonium sulfate must be
exposed at the surface of a particle in order for it to serve as a cloud
condensation nucleus. As a result, a different number of particles in
each population successfully activates cloud formation. Reprintedwith
permission from N. Riemer, A. P. Ault, M. West, R. L. Craig and J. H.
Curtis, Aerosol Mixing State: Measurements, Modeling, and Impacts,
Rev. Geophys., 2019, 57, 187–249. Copyright 2019 Wiley.
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combination of multiple components. An external mixture, in
contrast, consists of different types of particles that are each
composed of a pure component. Ensemble techniques measure
the average composition across all particles, whereas single-
particle techniques resolve the composition on a particle-by-
particle basis.50–56 Knowledge of average properties is oen
insufficient to predict cloud activation, gas uptake, heteroge-
neous reactivity, and other effects that depend on the surface
composition of aerosol particles. For example, the cartoon in
Fig. 2 illustrates how three populations of particles with iden-
tical bulk composition are not equally effective at forming cloud
condensation nuclei (CCN).50 Directly characterizing surfac-
tants in ambient aerosol particles is challenging because of the
need to both identify the chemical species and demonstrate
their surface activity.
2.1. Laboratory techniques

Laboratory studies have a long history of providing insight into
surfactant phenomena that are difficult to measure in the eld.
Reviews by Kolb et al.,43 Davidovits et al.,44 and Tang et al.57

provide good overviews of techniques for generating model
© 2022 The Author(s). Published by the Royal Society of Chemistry
liquid surfaces, with or without surfactants. Common setups
include Langmuir troughs,58 droplet and bubble train reac-
tors,43,44 Knudsen cell reactors,43,44,57,59,60 wetted wheels,61 liquid
microjets,61,62 aerosol chambers,63,64 aerosol ow tubes,65,66

coated-wall ow reactors,60,67,68 and aerosol optical tweezers and
other assorted levitation techniques.55,69,70 Of these setups, only
Langmuir troughs are specically designed to study surfactant
layers, and coated-wall ow reactors are designed specically
for lms. Development of methods to suspend and trap aerosol
particles is a rapidly expanding area. Recent advances include
the application of acoustic levitation with ultraviolet/visible
(UV/vis) spectroscopy to measure changes in droplet pH,71 the
use of a dual-balance electrodynamic trap to monitor phase and
viscosity,72 the combination of a linear quadrupole electrody-
namic balance with paper spray mass spectrometry to probe
chemical composition,73 and photothermal single-particle
spectroscopy to determine mass accommodation coeffi-
cients.74,75 In addition, several techniques have been developed
specically to study nascent sea spray aerosol (SSA) particles in
the laboratory. These will be discussed later in Section 8.3.2.

Experimental techniques to characterize the composition of
aerosol particles—and by extension, the composition of
surfactants, lms, and coatings—fall into two main categories:
mass spectrometry and spectroscopy. Depending on the
instrumental setup, mass spectrometers can measure single
particles or ensemble compositions.76–78 For further informa-
tion about aerosol mass spectrometry, the reader is directed to
reviews by Pratt and Prather,79,80 Laskin et al.,81 and Johnston
and Kerecman.82

In the spectroscopy category, electronic, X-ray, and vibra-
tional methods are all used to gain insight into aerosol prop-
erties.55 Focused reviews of X-ray photoelectron
spectroscopy83–85 and X-ray scattering, including X-ray diffrac-
tion and reectometry,86–88 are available elsewhere. Baumler
and Allen reviewed vibrational spectroscopy in 2018.89 Since
then, Allen and coworkers,90–92 Grassian and coworkers,93 and
Du and coworkers94–100 have published many new studies on the
use of infrared reection absorption spectroscopy (IRRAS) to
probe model surfactant systems relevant to sea spray aerosol.
Allen and coworkers have also continued to explore the surfaces
of model sea spray systems with vibrational sum frequency
generation (SFG) spectroscopy.90,101 In studies relevant to the
surface composition of biogenic secondary organic aerosol
(SOA), Geiger and coworkers102 utilized SFG to detect b-car-
yophyllene ozonolysis products at the air–water interface, and
Richmond and coworkers103,104 have detected methylglyoxal and
pyruvic acid oligomers at the air–water interface by vibrational
sum frequency spectroscopy (VSFS).

Notably, most of the work described above focuses on the
air–water interface. Rao and co-workers105–109 introduced
nonlinear optical spectroscopy specically for the air-particle
interface. Overcoming the challenges of low signal and small
particle size, they pioneered second harmonic scattering (SHS)
to determine the surface density and adsorption free energy of
small organic molecules, including crystal violet and trans-4-[4-
(dibutylamino)styryl]-1-methylpyridinium iodide, at the surface
of �100 nm NaCl particles.105–107 When Rao and co-workers
Environ. Sci.: Atmos., 2022, 2, 775–828 | 777
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applied electronic sum frequency scattering (ESFS) to deter-
mine the orientation, surface population, and adsorption free
energy of malachite green at the surface of aerosol particles,
they observed discrepancies in adsorption energy at the particle
surface compared to the air–water interface.108 The authors
attributed the difference to surface curvature. In a follow-up
study with aerosol particles containing the more
environmentally-relevant species propionic acid, Qian et al.109

combined VSFS to probe the particle surface with hyper-Raman
scattering to probe the particle bulk. The surface adsorption
free energy of propionic acid was signicantly more negative at
the air–water interface (�15.38 � 0.11 kJ mol�1) than at the
particle surface (�12.69 � 0.28 kJ mol�1). These in situ spec-
troscopic measurements challenge the long-standing practice
of directly extending measurements from the air–water inter-
face to the air-particle interface.

Finally, in new developments in Raman spectroscopy110 for
analysis of surfactants, lms, and coatings, Gen et al.111 used
electrospray surface-enhanced Raman spectroscopy (SERS) to
characterize organic brown carbon coatings formed from
heterogeneous reactions, and Wang et al.112 applied micro-
Raman spectroscopy to analyze ambient particulate matter
from Beijing, China. Depending on the experimental setup,
spectroscopy can provide insight into aerosol populations at
either the single-particle or the ensemble level, as recently
reviewed by Ault and Axson55 and Riemer et al.50 None of the
mass spectrometry or spectroscopy techniques described here is
unique to surfactant systems, but each can provide insight into
the properties of surfactants, lms, and coatings at particle
surfaces.

A variety of imaging techniques are now in use to probe the
morphology and structure of aerosol particles. Fluorescence
microscopy, transmission electron microscopy (TEM), scanning
electron microscopy (SEM), atomic force microscopy (AFM),
scanning transmission X-ray microscopy (STXM) with near-edge
X-ray absorption ne structure (NEXAFS), and Brewster angle
microscopy (BAM) have all joined the suite of tools used to
characterize individual aerosol particles.55,88,113,114 Applications
of these techniques to map aerosol morphology and phase will
be discussed in Section 3.2.

Lastly, a few more techniques for interrogating surfaces are
worthy of mention: molecular beam and ion scattering,115–117

and neutron scattering and reectometry.88,118,119 Techniques
for measuring hygroscopicity (i.e., water uptake) have been
reviewed by Tang et al.,120 and methods for measuring surface
tension will be discussed in Section 4.2. Ultimately, the crucial
goal for laboratory measurements of surfactant-coated aerosol
particles remains to simultaneously determine composition
and morphology at the single-particle level.
2.2. Modeling techniques

Modeling offers insights into surfactant-coated systems that
cannot be gleaned from laboratory or eld studies alone.121,122

Molecular dynamics (MD) simulations are a popular technique
for modeling gas–liquid interfaces.123,124 MD simulations
generate snapshots of molecular congurations on
778 | Environ. Sci.: Atmos., 2022, 2, 775–828
a femtosecond timescale based on force elds that relate posi-
tioning and potential energy. Ab initio MD and quantum
mechanics/molecular mechanics (QM/MM) simulations, which
are based on electronic structure, are computationally expen-
sive and limited to systems of no more than �100 molecules,
whereas empirical potential functions can be used to reach
larger system sizes into the thousands of molecules.124 Accord-
ingly, MD simulations have been applied to surfactant systems
ranging in complexity from simple surfactant/salt
mixtures125–134 to multi-component mimics for sea spray aero-
sol93,135–139 and SOA.140 Quantum chemical methods such as
density functional theory (DFT)141 have also been applied to
heterogeneous processes on atmospheric aerosol particles,142

oen in combination with spectroscopic measurements.103,104,143

DFT calculates molecular properties from ground-state electron
probability densities. It is the most widespread quantum
chemical method for simulations, but because it requires
approximation of electron–electron correlations, it cannot be
systematically improved.123

Mass transport models are specically designed tomodel gas
uptake and heterogeneous reactions, as discussed in Section 6.
The traditional resistor model, named because of the mathe-
matics of adding resistors in parallel, incorporates gas-phase
diffusion, mass accommodation, Henry's law partitioning,
aqueous-phase diffusion, and rate constants, but it requires
steady-state conditions and homogeneous mixing.144 Shiraiwa
et al.145 developed KM-GAP (Kinetic Multi-layer GAs-Particle
interactions in aerosols and clouds) to also model gas-phase,
interfacial, and particle-phase processes, as well as condensa-
tion, evaporation, and heat transfer. Unlike the resistor model,
KM-GAP does not require steady-state, well-mixed systems. KM-
GAP is easily scalable and computationally inexpensive, so it
can be seen as a link betweenMD simulations and experimental
measurements. Example applications of kinetic modeling to
surfactant systems include heterogeneous reactions of long-
chain acids and esters with gas-phase NO3 and O3.146,147 Reac-
tive uptake will be treated in more detail in Section 6.3.

For systems at equilibrium, thermodynamics can be used to
model a wide array of aerosol properties. Semeniuk and Das-
toor148 published a comprehensive review of thermodynamic
models for aerosol particles in 2020. Since then, Calderón et al.
have advanced thermodynamic modeling for activity coeffi-
cients149 and density150 in aqueous solutions containing ionic
surfactants and inorganic salts, and Huang et al.151 reported
a unique application of AIOMFAC (Aerosol Inorganic-Organic
Mixtures Functional groups Activity Coefficients, a thermody-
namic model)152,153 and KM-GAP to aerosol particles with three
liquid phases. The ongoing progress in thermodynamic
modeling seeks to predict physical and chemical properties of
aerosol particles containing increasingly complex mixtures,
including those with surface coatings.

The modeling methods described so far focus on systems at
the molecular level. Chemical transport models, in contrast,
expand modeling to the level of the atmosphere at the regional
or even global scale. Chemical transport models range in
complexity from zero-dimensional box models, in which
concentrations are a function only of time, to three-dimensional
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00003b


Critical Review Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

az
ir

an
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

3.
03

.2
02

6 
00

:2
7:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
models, in which concentrations depend on time and x, y, z
coordinates.154 It is too computationally expensive to directly
incorporate thermodynamic models of mixed inorganic–
organic particles into 3D air quality models like CMAQ
(Community Multiscale Air Quality), but it is still possible to
introduce parameterizations, e.g., for liquid–liquid phase
separation.148,155,156 Such parameterizations are critical in accu-
rately modeling gas uptake that is limited by diffusion through
viscous coatings, as discussed in Section 6.3.7 for SOA formed
from isoprene epoxydiols.

3. Morphology of aerosol particles

As illustrated in Fig. 1, lms and coatings on atmospheric
aerosol particles can originate from condensation of organic
vapors onto pre-existing particles, from reactions at the gas-
particle interface, or from partitioning of organic molecules
from the bulk to the surface. Here we focus on the formation of
organic shells on aerosol particles due to phase separation and
on general measurements of particle phase and morphology.

3.1. Liquid–liquid phase separation

Ambient aerosol particles consist of a combination of water,
inorganic, and organic components. Depending on the
composition and relative humidity (RH), particles can be
homogeneously mixed or phase-separated, as illustrated for the
phase transitions in Fig. 3.157 Elemental O : C ratios for chem-
ical composition can be used as rough predictors of aerosol
morphology: in general, particles with O : C < 0.56 undergo
phase separation, whereas particles with O : C > 0.80 are
homogeneously mixed.25,158 Additional information about
chemical speciation is necessary to determine morphology for
particles with intermediate O : C values,25,158 and these guide-
lines do have exceptions.157,159,160
Fig. 3 Aerosol particles undergo phase transitions between dry
particles, homogeneous wet particles, and phase-separated particles.
Purple represents inorganic salts, blue represents the aqueous phase,
and red represents the organic phase. Deliquescence refers to the
phase transition from a dry particle to a wet particle with increasing RH.
Conversely, efflorescence refers to the phase transition from a wet
particle to a dry particle with decreasing RH. Adapted with permission
from M. A. Freedman, Liquid–Liquid Phase Separation in Super-
micrometer and Submicrometer Aerosol Particles, Acc. Chem. Res.,
2020, 53, 1102–1110. Copyright 2020 American Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Phase separation is common for aqueous organic aerosol in
the atmosphere.158 Lee et al.161 generated nascent SSA in a wave
ume using seawater from the California coast, and they found
that the core–shell morphology accounted for 31.2% of all
particles detected in the 100 nm to 1.8 mm size range. Li et al.162

collected particulate matter from urban, suburban, and rural
sites in China; they frequently observed an organic coating on
an inorganic core for particles larger than 100 nm. More wide-
spread measurements of ambient particles are needed to
establish reproducible trends in phase separation as a function
of particle composition, size, and relative humidity.
3.2. Laboratory measurements of aerosol phase

Recent laboratory results have shown that it is actually possible
for aerosol particles to have three liquid phases. Kucinski
et al.163 reported the rst evidence that particles can be kineti-
cally trapped in this conguration. Then, Huang et al.151

systematically investigated the formation of three liquid phases
in particles containing primary organic aerosol, secondary
organic aerosol, and secondary inorganic aerosol components.
They found that particles with O : C < 0.8 could separate into
low-polarity organic-rich, high-polarity organic-rich, and
aqueous inorganic-rich phases, as shown in Fig. 4.151 Images
were obtained by uorescence microscopy with Nile red dye,
which is a convenient probe for liquid–liquid phase separa-
tion.164 As reviewed by Laskin et al.,113 imaging techniques like
optical microscopy,157,165 electron microscopy,157,166 AFM,167,168

and Raman microscopy169 are all commonly employed to
determine the morphology of individual aerosol particles.

The particles studied by Huang et al.151 were approximately
50 mm in diameter, so it is not yet clear whether their properties
can be extended down to smaller, more atmospherically rele-
vant sizes. Freedman and coworkers157 coupled a special ash
freeze ow tube with cryogenic transmission electron micros-
copy (cryo-TEM) to analyze particles as small as �10 nm.
Notably, these smaller particles are less likely to undergo
liquid–liquid phase separation than larger ones because of the
energetic barrier to form a new phase via nucleation and
growth. This conclusion is based on proof-of-concept experi-
ments with ammonium sulfate and PEG-400,170 followed by
observations in representative ambient particles consisting of
ammonium sulfate and organic mixtures, such as a-pinene
SOA.163 Moreover, the results are in agreement with work by
Petters and Kasparoglu171 for the dependence of viscosity on
particle size. More work is needed to determine when it is
appropriate to extrapolate physical and chemical properties of
supermicron aerosol particles down to smaller sizes.

One inherent limitation to the aerosol phase measurements
discussed so far is that the particles must be deposited on
a substrate, which may alter their morphology.172–174 Dutcher
and co-workers175 have shown that biphasic microuidics can
be used to study morphology, and levitation methods allow for
the study of particles in real time without physical contact at all.
With aerosol optical tweezers, particles suspended in air are
interrogated by Raman spectroscopy, and the resulting whis-
pering gallery modes are t with Mie theory.176–179 Following this
Environ. Sci.: Atmos., 2022, 2, 775–828 | 779
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Fig. 4 Fluorescence microscopy images of single particles containing proxies for primary organic aerosol (green), secondary organic aerosol
(orange), and secondary inorganic aerosol (black) as a function of relative humidity. Compositions are indicated above each row. The coloring is
due to trace amounts of Nile red dye. The scale bar applies to all images. Reprinted from ref. 151 under a CC BY-NC-ND License 4.0 (https://
creativecommons.org/licenses/by-nc-nd/4.0/).
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methodology, Reid and coworkers177 demonstrated that parti-
cles composed of ammonium sulfate and C6 dicarboxylic acids
(2-methylglutaric; 3-methylglutaric; 2,2-dimethylsuccinic)
adopt a core–shell structure. Sullivan and coworkers70,159,180

explored how relative humidity affects the morphology of
squalane and glycerol droplets coated with a-pinene SOA:
780 | Environ. Sci.: Atmos., 2022, 2, 775–828
particles consisting of polar a-pinene SOA and nonpolar squa-
lane almost always adopt a core–shell structure, whereas
particles consisting of a-pinene SOA and glycerol adopt a core–
shell structure only at high RH.159 In another contactless tech-
nique, Haddrell et al.181 trapped single particles in an electro-
dynamic balance and determined morphology from forward-
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00003b


Critical Review Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

az
ir

an
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

3.
03

.2
02

6 
00

:2
7:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
scattered light passed through the droplets. Their algorithm can
distinguish among homogeneous, core–shell, inclusions, and
non-spherical/inhomogeneous morphologies for 10–60 mm
diameter droplets with a rapid time resolution of �10 ms.181

Finally, optical trapping and Mie scattering can be used for
quantitative measurements of morphology: Jones et al.182

determined the thickness of an oleic acid coating on 2 mm
diameter silica beads with a precision level of �1 nm. At this
time, signicant challenges remain in applying optical trapping
to samples of ambient particles.

3.3. Modeling of phase separation

Most thermodynamic models of aerosol morphology seek to
predict phase separation in particles as a function of RH and
chemical and physical properties, particularly surface
tension.25,158,183–185 MD simulations, in contrast, offer time-
resolved predictions of phase separation. For a simple system
of mixed water/butanol droplets, Hrahsheh et al.186 veried that
MD and DFT gave consistent results for phase separation as
a function of concentration. Karadima et al.121 applied MD to
model mixtures of ammonium sulfate, water, and organics (cis-
pinonic acid; 3-methyl-1,2,3-butanetricarboxylic acid; C20, C24,
C30 linear alkanes; or combinations thereof). The organic species
initially formed islands on the surface but then transitioned to
a core–shell structure with increasing RH and/or organic mass
fraction. Yu et al.187 applied machine learning and a neural
network to predict phase separation in SOA generated from b-
pinene, toluene, and mesitylene that was internally mixed with
water and ammonium sulfate. Modeling studies, like laboratory
experiments, are moving towards ever more complex systems
representative of aerosols in the atmosphere.

3.4. Implications of aerosol phase and morphology

The presence of organic species at the surface of aerosol parti-
cles has dramatic implications for climate and health. First, the
morphology of aerosol particles can affect their optical prop-
erties, including their ability to scatter/absorb solar radiation.
Fard et al.188 modeled how liquid–liquid phase separation alters
the radiative forcing of brown carbon aerosols, where radiative
forcing refers to a change in the energy balance of the atmo-
sphere caused by a perturbation, and brown carbon aerosols
refer to particles containing chromophores that appear brown
in color. When brown carbon aerosol particles transition from
well-mixed to phase-separated, their UV scattering cross
sections can increase by up to 50%, and their absorption cross
sections can decrease by up to 20%.188 On a regional scale, Li
et al.189 showed that the CMAQ model could not accurately
capture SOA formation over the United States under the
simplifying assumption that all particles were homogeneous, in
agreement with work by Fierce et al.190 and Wu et al.191 for black
carbon. Thus, it is important for more eld studies to report
aerosol phase in addition to composition.

A second way that the presence of organic species at the
surface of aerosol particles impacts climate is through cloud
formation. The ability of an aerosol particle to act as a cloud
condensation nucleus depends on the propensity of water
© 2022 The Author(s). Published by the Royal Society of Chemistry
molecules to adsorb to its surface, and the ability of a particle to
seed ice cloud formation depends on whether its surface acts as
an appropriate template for ice nucleation. Accordingly, two
particles with identical chemical composition may have different
cloud activation and ice nucleation activities depending on
whether each particle is well-mixed, partially engulfed, or core–
shell.50,192 Finally, the surface composition of aerosol particles
affects the uptake probability of reactive gases in the atmosphere.
The properties of cloud droplet activation and ice nucleation will
be discussed next in Sections 4 and 5, followed by chemical
reactions of surfactant-coated particles in Sections 6 and 7. We
will close with a review of ambient observations of aerosol parti-
cles with surfactants, lms, and coatings in the atmosphere.
4. Cloud droplet activation
4.1. Köhler theory

Surfactants affect surface tension (s), which is the amount of
work required to expand a surface per unit area.193 The value of
s depends on the geometry of the surface. The Young–Laplace
equation describes the vapor pressure elevation above a curved
liquid surface:

Dp ¼ p � p0 ¼ 2s/r (1)

where Dp is the Laplace pressure, p is the vapor pressure above
the curved surface, p0 is the vapor pressure above a planar
surface, and r is the radius of curvature.193 We can rearrange the
Young–Laplace equation to write the Kelvin equation:

p ¼ p0e2sVm/RTr (2)

where Vm is molar volume, R is the gas constant, and T is the
temperature in Kelvin.

The vapor pressure p depends not only on geometry, but also
on composition. Dissolved solutes cause a decrease in vapor
pressure through Raoult's law:

p ¼ xwp
0 (3)

where p is the vapor pressure of water above the solution, xw is
the mole fraction of water, and p0 is the saturation vapor pres-
sure of pure water.

The Köhler equation incorporates both vapor pressure eleva-
tion through the Kelvin effect and vapor pressure lowering
through the Raoult effect to show how the saturation vapor
pressure of a dilute aqueous droplet depends on its diameter, Dp:

ln

�
p
�
Dp

�
p0

�
¼ A

Dp

� B

Dp
3

(4)

A ¼ 4Mwsw

RTrw
(5)

B ¼ 6nsMw

prw
(6)

Here, Mw is the molecular weight of water, sw is the droplet
surface tension, rw is the density of water, and ns is the number
Environ. Sci.: Atmos., 2022, 2, 775–828 | 781
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Fig. 5 Example Köhler curve (red solid line) for an ammonium sulfate
particle with a dry diameter of 50 nm, showing contributions from the
Kelvin term (gray dashed line) and Raoult term (blue dash dotted line).
Adapted with permission from D. K. Farmer, C. D. Cappa and S. M.
Kreidenweis, Atmospheric Processes and Their Controlling Influence
on Cloud Condensation Nuclei Activity, Chem. Rev., 2015, 115, 4199–
4217. Copyright 2015 American Chemical Society.
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of moles of solute. See Seinfeld and Pandis154 for the derivation
of this simplied form of the Köhler equation, which applies for
dilute solutions containing a single nonvolatile solute at
constant temperature and pressure. In this framework, the
Kelvin effect and Raoult effect reach a balance at the critical
droplet diameter Dpc ¼ (3B/A)1/2 and critical saturation Sc ¼
(4A3/27B)1/2, as plotted in Fig. 5.38 Cloud activation (i.e., spon-
taneous droplet growth) occurs for particles larger than Dpc or at
relative humidities exceeding Sc.

According to Köhler theory, surface tension inuences the
critical droplet diameter and critical supersaturation through the
Kelvin effect term. Surfactants are thus predicted to affect cloud
droplet activation because they lower the surface tension of
water. Indeed, a decrease in surface tension is oen used as
indirect evidence that organic species are present at the surface
of aqueous aerosol particles.1–3 However, because of its simpli-
fying assumptions, the Köhler equation does not apply to most
ambient aerosol particles, which consist of a complex mixture of
surfactants with highly concentrated solutes. A full treatment of
Köhler theory and its extensions is outside the scope of this
review. Interested readers are directed to the reviews of McFig-
gans et al.,194 McNeill et al.,3 and Farmer et al.38 and to several
subsequent publications in this area.192,195–206 Here we will focus
specically on (1) developments in measuring and modeling the
surface tension of surfactant-coated solutions and (2) studies of
hygroscopicity and CCN activity of coated aerosol particles, with
an emphasis on work following the 2013 review by McNeill et al.3
4.2. Surface tension techniques

Experimental techniques for measuring surface tension tradi-
tionally fall into three categories: force methods (e.g., Wilhelmy
plate, DuNoüy ring), shape and pressure methods (e.g., pendant
782 | Environ. Sci.: Atmos., 2022, 2, 775–828
drop/bubble, sessile drop, captive bubble, spinning drop/
bubble), and ow methods (e.g., maximum bubble pressure,
growing drop).207 Several recent techniques have been designed
specically for measuring the surface tension of atmospheri-
cally relevant droplets and aerosol particles.208 For example, Lee
and Tivanski209 have reviewed applications of AFM to probe the
physical and chemical properties of aerosol particles, including
their surface tension.

Substrate-free measurements of surface tension are possible
with single-particle trapping techniques. Bzdek and co-workers
have applied optical trapping to measure the surface tension of
picoliter-sized droplets: when two droplets coalesce, the surface
tension can be determined from the damped surface oscilla-
tions without further perturbing the gas–liquid interface by
direct contact.205,210,211 Alternatively, they have shown that they
can determine the surface tension of picoliter-sized droplets on
a more rapid timescale (�100 ms) using a microdroplet
dispenser with stroboscopic imaging.212 The former technique
is appropriate for droplets with a diameter <20 mm, whereas
tests of the latter method were restricted to a diameter range of
20–50 mm.

The methods described above have been used to measure
surface tension at the gas–liquid interface. In contrast, Dutcher
and coworkers213,214 introduced the use of biphasic microuidics
to determine interfacial tension between immiscible aqueous
solutions and organic liquids. Knowledge of liquid–liquid
interfacial tension is useful in predicting phase separation in
multicomponent aerosol particles. Dutcher and coworkers have
also adapted the microuidics technique to combine studies of
ice nucleation activity and particle phase state.175

Developing models to accurately predict surface tension and
interfacial tension of ambient aerosol particles is challenging
because these particles contain many solutes at high concen-
trations and high ionic strength, and they oen consist of
multiple phases. Dutcher and coworkers214 extended an activity
model to predict surface tension in systems with three or more
components. The model reproduces experimental surface
tension measurements for solutions containing a variety of
solutes, including inorganic salts, non-dissociating organics,
and diprotic acids.214 Moreover, the model performs well at
realistic concentrations, even exceeding 15 molal in one test
with glutaric acid.214,215 E-AIM (Extended Aerosol Inorganics
Model)216–218 and AIOMFAC152,153 are two additional thermody-
namic models that can be applied to predict surface tension.
MD simulations have been used to model surface tension for
surfactant solutions containing nonionic surfactants (fatty
alcohols,219 polyethylene glycol,220 tetraethyleneglycol221),
cationic surfactants (dodecyl trimethyl ammonium chloride219),
and anionic surfactants (dodecylsulfate219,222,223). For more
information about experimental and computational techniques
for measuring and modeling surface tension, see the 2021
review by Mott et al.208
4.3. Hygroscopicity

Hygroscopicity is the ability of a particle to take up water under
equilibrium conditions at RH < 100%. In k-Köhler theory, this
© 2022 The Author(s). Published by the Royal Society of Chemistry
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phenomenon is described by a single value—k, the hygroscop-
icity parameter:224

1

aw
¼ 1þ k

Vdry

Vw

(7)

where aw is the water activity, Vdry is the volume of the dry
particle, Vw is the volume of water, and k is the hygroscopicity
parameter. A k value of 0 means that a substance is nonhygro-
scopic. Particles with 0.01 < k < 0.5 are moderately hygroscopic,
and particles with 0.5 < k < 1.4 are CCN active.224 Under ideal
conditions, k of a multi-component droplet is assumed to be
a linear combination of k for each individual component. Tang
et al.120 have published a comprehensive summary of tech-
niques for measuring the hygroscopicity of aerosol particles.
Here we will summarize recent experimental ndings.

The effects of surfactants on hygroscopicity are not
straightforward. They have been shown to both enhance and
hinder water uptake.3,225–227 Indeed, water uptake by aerosol
particles is highly dependent on phase andmixing state.228–232 In
a relatively simple system of fatty acids on sea salt particles,
Nguyen et al.233 found that palmitoleic acid (C16) and oleic acid
(C18), which are liquids at room temperature, did not impede
water uptake, whereas the analogous saturated fatty acids,
palmitic acid (C16) and stearic acid (C18), which are solids at
Fig. 6 Plot of droplet diameter (Dwet) at 99.9% relative humidity for 200
of (a) adipic acid or (b) pimelic acid. The filled circles mark the thresho
a statistically significant difference between the growth factor for the p
particle. The black dashed lines show the linear relation that would be ex
partition to the surface). The red lines show predictions from a two-dim
suggest how adipic (even) and pimelic (odd) dicarboxylic acidmolecules a
R. Ruehl and K. R. Wilson, Surface Organic Monolayers Control the Hygro
Phys. Chem. A, 2014, 118, 3952–3966. Copyright 2014 American Chem

© 2022 The Author(s). Published by the Royal Society of Chemistry
room temperature, did hinder water uptake. The authors attri-
bute the opposing effects to phase. These experiments were
conducted with fatty acids on articial sea salt. For comparison,
Miñambres et al.234 tested the hygroscopicity of fatty acids on
single-component salt solutions: NaCl, NaBr, NaI. Water uptake
depended not only on the identity of the fatty acid (hexanoic,
octanoic, or lauric acid), but also on the halide anion.

For a suite of other surface-active acids, Ruehl and Wilson195

measured the hygroscopic growth of ammonium sulfate particles
coated withmonolayers of C3–C10 dicarboxylic acids, cis-pinonic
acid, oleic acid, lauric acid, and myristic acid. The relationship
between the growth factor and the organic aerosol volume frac-
tion was not linear, as shown for two sample acids in Fig. 6.195 In
fact, the conguration of the dicarboxylic acids at the air–water
interface depended on parity: diacids with an even number of
carbon atoms occupied �40 Å2 per molecule at the surface,
whereas diacids with an odd number of carbon atoms occupied
only �20 Å2 per molecule. These footprints, determined from
a two-dimensional van der Waals model, are consistent with the
congurations illustrated in Fig. 6, in which the even diacids are
folded such that both carboxylic acid head groups are solvated in
the aqueous phase, while the odd diacids are more closely
packed with only one carboxylic acid group in the aqueous
phase.195 Such differences in surface structure explain why even
nm diameter ammonium sulfate particles coated with varying amounts
ld for droplet growth, or the first coating thickness at which there is
ure ammonium sulfate particle and the growth factor for the coated
pected if the particles were homogeneous (i.e., if the organics did not
ensional van der Waals model by Ruehl and Wilson.195 The cartoons

re arranged at the air–water interface. Adaptedwith permission fromC.
scopic Growth of Submicrometer Particles at High Relative Humidity, J.
ical Society.
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Fig. 7 Thermodynamic equilibrium modeling of an aerosol particle
consisting of a 1 : 1 mass ratio of organic matter to sulfuric acid at
288.15 K and relative humidity of RH ¼ 94–101%. (a) Predicted Köhler
curves of equilibrium supersaturation vs. particle diameter. The yellow
vertical line marks the particle diameter at which liquid–liquid phase
separation (LLPS) occurs. The dashed green curve shows the predicted
Köhler curve for a droplet with a dry diameter of D0 ¼ 41 nm and
a constant surface tension equal to that of pure water (s¼ 72mNm�1).
The solid blue curve shows predictions for a droplet with a dry
diameter of D0 ¼ 41 nm but a varying surface tension dependent on
the size and phase of the particle. (b) The corresponding changes in
surface tension as a function of particle diameter, with the predicted
surface coverage of the organic layer (cb) shown in light blue. (c)
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dicarboxylic acids are more hygroscopic than odd dicarboxylic
acids at equivalent bulk concentrations. This work emphasizes
once again the importance of applying a molecular-level view to
interpret and predict trends in hygroscopicity.

Interpreting the hygroscopicity of ambient aerosol particles
from the eld is challenging not only because individual
particles may be phase-separated, but also because populations
of particles are externally mixed. Kroič et al.235 collected aero-
sol particles in the city of Ljubljana, Slovenia, but they could not
predict hygroscopic growth of surfactant-coated aerosol parti-
cles without size-resolved information. Hu et al.236measured the
CCN activity of aerosol particles collected at a mountain near
Beijing, China and compared the experimentally determined
hygroscopicity values to thermodynamic predictions based on
bulk composition. When the particulate matter came from
fresh anthropogenic emissions, they needed to consider size-
resolved composition to accurately predict k. In contrast,
when the particulate matter came from aged anthropogenic
sources, they needed to consider surface tension lowering by
surfactants to accurately predict k. Both size and composition
should be incorporated into models for hygroscopicity and CCN
activity of ambient aerosols.

Work by Schill et al.237 and Cravigan et al.238 on water uptake
to SSA has further highlighted the need for single particle
measurements of hygroscopicity. Schill et al.237 observed a wide
range in k values for SSA generated from seawater collected in
the North Atlantic Ocean, suggesting that particles varied in
composition from pure salt to pure organic. Similarly, Cravigan
et al.238 were unable to nd a signicant correlation between
organic content and water uptake for SSA generated from
seawater from the Southern Ocean during a phytoplankton
bloom. Hendrickson et al.239 actually posit that the salts, not the
organics, control k in SSA.

Advances in single particle techniques allow quantitative
measurements of hygroscopic growth factors for individual
aerosol particles.240,241 Estillore et al.242 and Lee et al.243 used AFM
to study water uptake on SSA particles with a core–shell
morphology. They generated these particles in a wave ume with
seawater collected off the coast of California, with an induced
phytoplankton bloom. The organic coatings were found to
inhibit water uptake, especially at low RH.243 Li et al.232 applied
cryo-TEM and an individual particle hygroscopicity setup244 to
measure morphology and hygroscopic growth factors for parti-
cles collected at three sites: a forest in northeastern China, urban
Beijing, and urban Hangzhou. At 90% RH, growth factors ranged
from 1.14–1.32. The authors attributed this wide range to varia-
tions in the thickness of the organic shell on the phase-separated
particles; measurements on lab-generated aerosol particles
support this conclusion.232 Therefore, because water uptake
depends so strongly on surface morphology, ensemble averages
for hygroscopic growth factors and k are not meaningful for
externally mixed populations of ambient aerosol particles.
Cartoons of surface coverage as a function of particle diameter.
Reprinted by permission from Springer Nature,Nature, Surface tension
prevails over solute effect in organic-influenced cloud droplet acti-
vation, J. Ovadnevaite, A. Zuend, A. Laaksonen, K. J. Sanchez, G.
Roberts, D. Ceburnis, S. Decesari, M. Rinaldi, N. Hodas, M. C. Facchini,
J. H. Seinfeld and C. O0 Dowd, Copyright 2017.
4.4. CCN activation

Cloud activation, or the formation of a cloud condensation
nucleus, occurs at the tipping point of the Köhler curve (Fig. 5)
784 | Environ. Sci.: Atmos., 2022, 2, 775–828
when the droplet diameter reaches the critical diameter or the
humidity reaches the critical saturation. Because surface
tension and hygroscopicity depend on surface morphology, so
too does cloud droplet activation. Ovadnevaite et al.192 showed
that phase separation matters for the relative contributions of
the Kelvin term and the Raoult term in Köhler theory. Fig. 7
models how changes in surface morphology during droplet
© 2022 The Author(s). Published by the Royal Society of Chemistry
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growth affect surface tension and therefore the shape of the
Köhler curve.192 As shown in Fig. 7a, a particle at 288.15 K
consisting of a 1 : 1 mass ratio of organic matter and sulfuric
acid with an initial dry diameter of 41 nm is expected to
undergo CCN activation at a critical supersaturation of 0.88%
and a critical diameter of 164 nm, assuming that the surface
tension is constant and equal to that of pure water (s ¼ 72 mN
m�1). In contrast, if the surface tension is assumed to change as
a function of particle size and phase, then CCN activation
occurs at a much lower critical supersaturation (0.50%) and
a much larger critical diameter (311 nm). The changing surface
tension clearly has a dramatic effect on the shape of the Köhler
curves.

The cartoons in Fig. 7c demonstrate that as the diameter of
a droplet grows, organic coverage at the surface becomes too
patchy to signicantly alter surface properties.192,198 Accord-
ingly, Forestieri et al.245 observed that even though coating NaCl
droplets with fatty acids signicantly lowered the surface
tension, the surfactants had minimal effect on the critical
supersaturation for CCN activation. They conclude that fast
growth of the droplets approaching critical size increased the
molecular area of the surfactants enough that there was no
signicant change in the critical supersaturation.

Because k-Köhler theory fails under the assumption that
surface tension is constant throughout droplet
growth,192,198,204,246,247 Davies et al.204 call for careful experimental
measurements of surface tension for particles of varying
organic fractions at constant dry diameter; this information is
needed to correct for changes in the bulk/surface partitioning of
organic species as a droplet takes up water. Bzdek et al.205 report
just such a dependence of surface tension on droplet size for
mixtures of NaCl, glutaric acid, and the detergent Triton X-100.
They compared the surface tension of 14–18 mm diameter
droplets (measured by holographic optical tweezers) versus the
surface tension of bulk solutions of equivalent composition
(measured by Wilhelmy plate). The conning effect of surface
area-to-volume ratio was dramatic: the surface tension of the
picoliter-sized droplets was up to 35 mN m�1 greater than that
of the bulk solution. In other words, the surface tension
depression was signicantly less than predicted from macro-
scopic measurements. This work implies that surfactant
concentrations in ambient particles must reach tens to
hundreds of millimolar in order to appreciably affect cloud
droplet activation.205 As shown by ambient measurements
(Section 8), such high levels are possible in some locations.

Surface-active species in ambient particles are not limited to
the classic amphiphilic species used so commonly in laboratory
and modeling studies.192 In a laboratory study with particles
containing NaCl and fulvic acid, Lin et al.248 observed the typical
pull between the Kelvin effect and the Raoult effect. As fulvic
acid partitioned to the surface, the decrease in surface tension
contributed toward activation through the Kelvin effect, but the
lower bulk concentration of fulvic acid limited vapor pressure
lowering by the Raoult effect. There is still considerable
uncertainty surrounding how best to extend k-Köhler theory to
even relatively simple mixtures of model aerosol constituents.
Much more experimental and modeling research is needed in
© 2022 The Author(s). Published by the Royal Society of Chemistry
this area before we can readily predict and interpret CCN acti-
vation by ambient aerosol particles.
4.5. Implications

Aerosol-cloud interactions present the greatest uncertainty in
modeling radiative forcing changes for Earth's climate.37,249

Thus, further research on CCN activation is crucial for our
ability to condently model changes in global temperature
through general circulation models. Lowe et al.246 incorporated
surface partitioning into a cloud parcel model to test the
implications of aerosol composition, size distribution, water
availability, and updra velocity on aerosol–cloud interactions.
The authors used proxies for marine and boreal aerosol based
on measurements at Mace Head, Ireland and Hyytiälä, Finland,
respectively. When switching from standard Köhler theory (for
homogeneous particles) to a compressed surface lm model
(for particles with 100% surface partitioning), the authors
roughly estimate that global radiative forcing could change as
much as +11.5 W m�2 over sea and �0.7 W m�2 over land
simply due to surfactant effects.246 These changes are dramatic
given that the Sixth Assessment Report of the Intergovern-
mental Panel on Climate Change quotes a combined effective
radiative forcing of between �1.92 Wm�2 and �0.21 Wm�2 for
aerosol–cloud and aerosol–radiation interactions.37 Clearly
more work is needed to parameterize how surface-active species
affect cloud formation and therefore climate.
5. Ice nucleation

Aerosol particles not only facilitate nucleation of liquid cloud
droplets, they also contribute to the formation of ice clouds and
mixed-phase clouds in the atmosphere. Aerosol particles that
facilitate heterogeneous freezing are known as ice nucleating
particles (INPs). Good INPs are larger than�0.1 mm in diameter
and insoluble in water, but water molecules should readily
adsorb to their surface. Furthermore, their surface structure
should roughly match the lattice structure of ice, or they should
have local active domains where ice nucleation can begin.41,250

The majority of INP studies thus far have focused on mineral
dust251,252 and biological aerosol particles,253–256 such as pollen
and bacteria.257,258Organic matter, and surfactants in particular,
affect heterogeneous freezing by changing the particle
morphology, the glass transition temperature (Tg, the temper-
ature at which a particle becomes so viscous that it transitions
from liquid-like to solid-like), and the full deliquescence rela-
tive humidity (FDRH, the point at which the water activity of the
organic particle reaches equilibrium with the relative
humidity).41,259 Surfactants, lms, and coatings play an outsized
role in ice nucleation because surface structure is so important
in determining IN activity.

The eld of ice nucleation has a long history of studying
model surfactant systems, especially monolayers of long-chain
saturated alcohols.3,260–278 Outside the laboratory, several eld
studies have identied ambient INPs containing surfactants.
Hiranuma et al.279 collected ice residuals in Alaska that con-
tained organic coatings on inorganic or soot cores. The organic
Environ. Sci.: Atmos., 2022, 2, 775–828 | 785
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shell consisted mainly of carboxylic acids, presumed to origi-
nate from oxidative aging of the aerosol particles. Similarly,
Kupiszewski et al.280 found that ice residuals from Jungfraujoch
in the Swiss Alps contained soot particles with organic coatings.
In other remote eld campaigns, China et al.281 observed that all
INPs collected in the Azores Islands contained organic coatings,
and Lata et al.282 detected organic coatings on some INPs in the
free troposphere at Pico Mountain Observatory in the North
Atlantic Ocean. Boose et al.283 hypothesized that the ice nucle-
ation activity of desert dust particles collected from the Etosha
salt pan in Namibia was due to biogenic organic matter, such as
proteins and cellulose. Experimental measurements258 of both
ambient and lab-generated INPs are challenging because of
contamination concerns: trace gases that readily adsorb to
aerosol particles can alter their surface properties,41 and the
substrates used for measurements may also alter INP activity.278

Here we will introduce insights gained about surfactant-coated
INPs through recent MD simulations, followed by a summary of
measurements published aer the comprehensive review by
Knopf et al.41 in 2018.
5.1. A molecular-level understanding of ice nucleation

Because experimental measurements of ice nucleation are so
sensitive to trace contaminants, much of our understanding
about heterogeneous freezing comes fromMD simulations. Qiu
et al.277 present a modeling study of heterogeneous ice nucle-
ation on organic surfaces, consisting of a series of long-chain
alcohols and fatty acids. Alcohols were already known to be
signicantly better ice nucleators than fatty acids of equivalent
chain length,260 and Qiu et al.277 were able to explain this
phenomenon through molecular properties. First, they
conrmed that freezing is more efficient when the organic
Fig. 8 Molecular dynamics snapshots of ice nucleation at the surface of a
gray, the OH headgroup in red, liquid water molecules in light blue, h
Reprinted with permission from Y. Qiu, N. Odendahl, A. Hudait, R. Mason
Efficiency of Hydroxylated Organic Surfaces Is Controlled by Their Struc
3052–3064. Copyright 2017 American Chemical Society.

786 | Environ. Sci.: Atmos., 2022, 2, 775–828
surface has a good lattice match to ice and when surface uc-
tuations are minimized. Second, they correlated freezing effi-
ciency with the free energy of binding of the organic monolayer
to ice. Fig. 8 shows how alcohol headgroups can create ordered
domains to initiate ice nucleation.277 In the MD snapshots,
freezing begins when water molecules form hydrogen bonds to
surface OH groups. Thus, MD simulations provide a molecular-
level explanation for the observation that not all surfactant-
coated aerosol particles act as INPs.
5.2. Ice nucleation by terrestrial SOA

In general, terrestrial SOA particles make for poor INPs. The
discussion here will focus specically on terrestrial aerosol
particles with organic lms and coatings. Recent work by Kanji
et al.284 showed that coating desert dust particles with a-pinene
SOA has no signicant effect on ice nucleation across a range of
particles sizes (0.01–3 mm) and coating thicknesses (3–60 nm).
Further evidence is provided in Knopf et al.41 and references
therein. However, the ability of organic aerosol particles to serve
as INPs is not static over the lifetime of a particle. Jahl et al.285

generated biomass burning aerosol (BBA) from the combustion
of giant cutgrass, Ponderosa pine needles, sawgrass, and birch
and fatwood logs. The resulting SOA was then aged in a labo-
ratory chamber through the following four mechanisms: (1) the
evolution of time without any external perturbations, (2)
oxidation by OH in the presence of NOx, (3) passage through
a thermodenuder followed by OH photo-oxidation, or (4) dark
ozonolysis. Jahl et al.285 observed three competing effects on ice
nucleation activity. First, if aging caused the organic coating to
evaporate, then ice nucleation activity increased because ice-
active sites on the mineral surface were exposed. Second, if
oxidative aging caused the formation of highly oxygenated
triacontanol (C30H61OH)monolayer. The carbon backbone is shown in
exagonal-ordered water in blue, and cubic-ordered water in green.
, A. K. Bertram, F. Paesani, P. J. DeMott and V. Molinero, Ice Nucleation
tural Fluctuations and Mismatch to Ice, J. Am. Chem. Soc., 2017, 139,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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species that readily dissolved in the aqueous aerosol particles,
then ice nucleation activity once again increased because active
sites on the mineral surface were exposed. Finally, if oxidative
aging caused organic species to condense at the particle surface,
then ice nucleation activity decreased because active sites on
the mineral surface were blocked. Bertozzi et al.286 similarly
inferred that aging enhances the ice nucleation ability of a-
pinene/ammonium sulfate SOA due to changes in particle
morphology and surface composition, and Boose et al.283 found
that some desert dust samples become more ice nucleation-
active aer heating, possibly because volatile organic
compounds (VOCs) evaporated from the particle surface. Pie-
dehierro et al.287 further highlight the importance of relative
humidity and water diffusivity for ice nucleation by biogenic
SOA. Together, these results indicate that atmospheric condi-
tions and particle lifetime matter when considering the ability
of organic-coated aerosol particles to act as INPs.
5.3. Ice nucleation by marine aerosol

Marine aerosol is likely to contain surfactants from phyto-
plankton and other species in the sea surface microlayer.288–290

Two experimental approaches have been employed to assess ice
nucleation by SSA: in the top-down approach, genuine SSA is
generated from seawater and evaluated for its ability to facilitate
ice nucleation, whereas in the bottom-up approach, model
systems of environmentally-relevant surfaces are prepared and
tested in the laboratory. Both approaches provide valuable
insights into how surfactants impact ice nucleation by marine
aerosol.

McCluskey et al.291 and Trueblood et al.292 followed the top-
down model by generating SSA from genuine seawater samples.
First, McCluskey et al.291 collected seawater from La Jolla, Cal-
ifornia, initiated a phytoplankton bloom, generated SSA with
Fig. 9 Freezing temperatures of mixed monolayers of C16 alcohols and
acid (C15H31COOH) with and without salt. Greater deposition amounts c
films. The colored shading marks the 95% confidence interval of 50% sa
confidence interval of 50% control freezing. Data have been corrected for
Reprintedwith permission fromR. J. Perkins, M. G. Vazquez de Vasquez, E
Structure and Ice Nucleation of Mixed Surfactant Systems Relevant to S
2020 American Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a marine aerosol reference tank, and collected the aerosol
particles for ice nucleation tests. More than 30% of the resulting
ice crystal residuals had organic coatings, as seen by SEM/EDS
(energy dispersive spectroscopy). Trueblood et al.292 followed
a similar procedure to generate SSA from Mediterranean
seawater using a plunging aquarium apparatus. They classied
INPs as either warm (freezing at T$�22 �C) or cold (freezing at T
< �22 �C). Interestingly, the cold INPs were linked to SSA that
contained water-insoluble organic carbon, likely surfactants from
phytoplankton in the sea surface microlayer. Both studies high-
light the key contributions from surfactants to ice nucleation.

In complementary bottom-up experiments, Perkins et al.278

tested the freezing of mixed lms of C16 and C18 fatty acids and
alcohols, selected to represent surfactants in SSA. The authors
varied the lm composition, deposition amount, and salt
concentration. As shown by the red and yellow data points in
Fig. 9, ice nucleation occurred for all mixing ratios except the
pure fatty acids. The fatty alcohols contributed to ice nucleation
for T < �20 �C, in approximate agreement with measurements
of ambient SSA.292 By visually examining ice nucleating domains
with Brewster angle microscopy, Perkins et al.278 proposed that
ice nucleation could occur in fatty acid-containing lms
through the refreezing effect, in which lms are frozen, thawed
to room temperature, and then refrozen. This cycle traps the
surface in an ordered conguration that is favorable for ice
nucleation. Alternatively, ice nucleation through the refreezing
effect could proceed through the formation of a 3D solid phase.
At this time, there is insufficient evidence to discriminate
between these hypotheses explaining ice nucleation in SSA
containing fatty acid surfactants.

To better reproduce the conditions in ambient SSA, Perkins
et al.278 added salt to their model surfactant lms. The salt ions
disrupted the surface structure of the lms and thereby
inhibited ice nucleation, as shown in Fig. 9. This result supports
fatty acids ranging from pure hexadecanol (C16H33OH) to pure palmitic
orrespond to smaller mean molecular areas and more tightly packed
mple freezing. The hatched gray area for T < �26.3 �C shows the 95%
freezing point depression in salt solutions due to colligative properties.
. E. Beasley, T. C. J. Hill, E. A. Stone, H. C. Allen and P. J. DeMott, Relating
ea Spray Aerosol, J. Phys. Chem. A, 2020, 124, 8806–8821. Copyright

Environ. Sci.: Atmos., 2022, 2, 775–828 | 787

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00003b


Environmental Science: Atmospheres Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

az
ir

an
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

3.
03

.2
02

6 
00

:2
7:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
observations that marine aerosol particles are generally poor
INPs.278 However, just as the ice nucleation ability of BBA
evolves over its lifetime (as noted by Jahl et al.285), so too does
the ice nucleation ability of SSA. As a particle takes up water, ice
nucleation should become increasingly favorable because the
salt concentration decreases. As the particle continues to take
up water, ice nucleation will then become less favorable because
the surfactant coverage on the growing droplet will be too
sparse. In summary, the dening characteristics of goodmarine
INPs are large diameter, low salt concentration, and adequate
surfactant coverage.
Fig. 10 Multiphase reaction pathways. Molecules diffusing in the gas
phase that encounter an aerosol particle may adsorb to the surface,
diffuse within the surface region, react within the surface region,
diffuse into the bulk, and react in the bulk. The impinging gas-phase
molecule can also desorb without reacting, and products can remain
at the surface, remain in the bulk, or desorb into the gas phase.
5.4. Future needs

More work is needed to bridge observations of ice nucleation in
the eld with increasingly complex systems in modeling studies
and laboratory experiments. In particular, measurements and
models should be made for classes of surfactants beyond the
traditionally studied alcohols and fatty acids. For example,
surface-active per- and polyuoroalkyl substances (PFAS)293

likely affect ice nucleation of aerosol particles.294 Interestingly,
PFOA (peruorooctanoic acid, a C8 carboxylic acid) can nucleate
freezing at �16 �C, but PFOS (peruorooctane sulfonic acid,
a C8 sulfonic acid) is ineffective due to the bulky, disordered
sulfonate head groups.295 Furthermore, pH matters: neutral
PFOA allows for ice nucleation, but anionic PFOA does not.295 In
addition, further work is needed to extrapolate room-
temperature ndings to the cold conditions at high altitudes
in the atmosphere, where aerosol particles are glassy and
viscous. And nally, more eld measurements are needed to
determine the composition of ice residuals and INPs in ambient
aerosol.
6. Multiphase reactions

The geometry of the gas–liquid interface makes for a unique
reaction environment.43–45,296 Consider the approach of a mole-
cule from the gas phase to a liquid surface, as illustrated in
Fig. 10. The probability that the gaseous molecule enters the
bulk liquid is characterized by the mass accommodation coef-
cient a, which ranges from zero to one. Mass accommodation
depends on diffusion of the molecule through the gas phase,
adsorption and desorption at the surface, and diffusion and
solvation within the liquid phase.44,46 Shiraiwa and Pöschl297

recommend additional caution when treating the mass
accommodation of gases on viscous particles because failing to
account for penetration depth, volatility, and bulk-phase diffu-
sion can have dramatic effects on the value of a. In addition to
the parameters encompassed by mass accommodation, an
impinging gas molecule can also undergo reaction at the
surface or within the bulk. The combination of all these
processes can be characterized by the uptake coefficient g, the
fraction of collisions of the incident gas molecule that lead to
reaction. It may seem that g should range from zero to one.
However, it is possible for g to be greater than one if the colli-
sion of one gas-phase molecule causes loss of more than one
particle-phase molecule through secondary chemistry,
788 | Environ. Sci.: Atmos., 2022, 2, 775–828
especially radical–radical chain reactions.298 Surfactants create
particularly rich reaction systems at the gas–liquid interface
because surfactants can impede reactions through physical
blocking, but they can also facilitate new reaction pathways if
they participate in interfacial reactions. Here we will focus on
studies of mass accommodation and uptake at surfactant-
coated interfaces published aer the comprehensive reviews
by Donaldson and Vaida,2 Donaldson and Valsaraj,299 McNeill
et al.,3 and Chapleski et al.300

6.1. Water uptake

The uptake of water to aerosol particles is important because
condensational growth contributes to the formation of cloud
condensation nuclei. In contrast, evaporation of water prevents
a particle from achieving the critical supersaturation needed to
seed cloud formation. By the principle of microscopic revers-
ibility, the mass accommodation coefficient of water should be
equal to its evaporation coefficient.43,301 Thus, studies of water
evaporation provide insight into mass accommodation of water
on surfaces, and vice versa.

In the case of long-chain species like octadecanol (C18 linear
fatty alcohol), surfactants can simply block the transport of
water molecules across the air–water interface.97,228 Fellows
et al.302 relied on modeling to present a nuanced perspective
that beyond posing a physical barrier, surfactants affect water
evaporation by altering surface roughness. Of course, the
evaporation and adsorption of water across an interface depend
on the structure of the molecules present there. Ergin and
Takahama303 compared the mass accommodation coefficient of
water on aqueous droplets coated with a series of alcohols: 1-
decanol (C10, linear); iso-decanol (C10, one-level branching);
iso-undecanol (C11, one-level branching); 3,7-dimethyl-1-
octanol (C12, two-level branching); and 5,9-dimethyl-1-decanol
(C12, two-level branching). MD simulations revealed a free
© 2022 The Author(s). Published by the Royal Society of Chemistry
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energy barrier of 0.6 to 15 kJ mol�1 for mass accommodation of
water on the alcohols with straight chains or one level of
branching. Accommodation was barrierless for the alcohols
with two levels of branching. The propensity of water molecules
to scatter rather than stick increased with increasing carbon
density in the alcohol monolayer, revealing the importance of
surface structure.

Miles et al.304 measured the evaporation of water across
binary fatty acid lms, composed of mixtures of tridecanol +
pentadecanol or tetradecanol + hexadecanol. The evaporation
coefficient could initially be treated as a linear combination of
the evaporation coefficients of the individual components
according to their mole fractions. However, droplets shrank as
evaporation progressed, and shorter-chain, more soluble
alcohol molecules diffused into the bulk while longer-chain,
less soluble alcohol molecules remained at the surface.
Furthermore, the evaporation coefficient depended on the
relative humidity because the concentration gradient in the gas
phase affected heat transfer when water molecules evaporated.
The cooling, which was more pronounced at low RH, caused
ordering of the surface monolayer, so gas transport across the
interface was inhibited.

Miles et al.304 further tested water evaporation from sucrose
droplets coated with long-chain alcohols. The initial evaporation
rate decreased when surfactants were present, with greater
decreases for longer-chain surfactants. However, the presence of
the long-chain alcohols ultimately causedmore water to evaporate
by the time equilibrium was reached. When Johansson et al.305

studied mass accommodation of water on butanol, they found
two timescales for trapping–desorption: some water molecules
rapidly desorbed within picoseconds, whereas others desorbed
aer a delayed period on the millisecond timescale. Unlike the
room-temperature experiments of Miles et al.,304 the molecular
beam experiments by Johansson et al.305 were conducted using
hyperthermal water molecules (28 kJ mol�1) on a cold butanol
surface (160–240 K). Nevertheless, the two cases together reveal
that surfactants have both kinetic and thermodynamic effects on
water evaporation, in keeping with earlier results for water on
simple organic surfactants.195,306–311 Water uptake, the reverse of
water evaporation, has been discussed in greater detail in Section
4.3 because of its relevance to cloud droplet activation.
Fig. 11 Free energy profiles for the uptake of gas-phase water (blue
curves), ozone (red curves), and sulfur dioxide (black curves) by water
droplets coated with (a) lauric acid (LA) or (b) benzoic acid (BA). DF is
the change in free energy, and z is the distance between the center of
mass of the gas molecule and the water droplet. The dashed vertical
black lines mark the average interfacial region. Adapted with permis-
sion fromW. Li, C. Y. Pak, X. Wang and Y.-L. S. Tse, Uptake of Common
Atmospheric Gases by Organic-Coated Water Droplets, J. Phys.
Chem. C, 2019, 123, 18924–18931. Copyright 2019 American Chem-
ical Society.
6.2. Nonreactive uptake

Shaloski et al.312 performed experimental measurements of the
dissociation of gas-phase hydrochloric acid in a model system:
the surface of salty glycerol (C3H8O3, a triol) with and without
the anionic surfactant dodecyl sulfate, CH3(CH2)11SO4

�. The
uptake of DCl (deuterated hydrochloric acid) decreased as the
dodecyl sulfate surface coverage increased, dropping from
a 70% entry probably in the absence of surfactants to just 11%
when the dodecyl sulfate surface concentration was 1.8 � 1014

cm�2, or �34% of a monolayer. The authors attributed the
decrease to physical blocking of incident DCl molecules by the
surfactant chains, which prevent DCl from dissolving into the
glycerol solution. In this relatively simple system, the surfactant
was nothing more than a physical barrier.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Li et al.313 present an elegant MD study of nonreactive uptake
of water, ozone, and sulfur dioxide (SO2) onto water droplets
coated with benzoic acid (C6H5COOH, aromatic acid) or lauric
acid (C12 linear fatty acid). The reaction of benzoic acid with
ozone and the hydrolysis of sulfur dioxide are roughly 106 to 109

times slower than the mass accommodation and solvation
processes and thus were not considered here. Fig. 11 shows the
free energy proles for all three gases determined by moving the
gas molecule from the gas phase to the center of the water
droplet.313 Roughly monolayer coverage of the organic acids
caused a for water to decrease from �1 in pure water to �0.75
with benzoic acid and �0.18 for lauric acid. For all cases, the
minimum in the free energy prole remained within the water
droplet. In contrast, the minimum in the free energy prole for
ozone shied toward the air surface, and a increased from
�0.05 in pure water to �0.48 with benzoic acid and �0.36 with
lauric acid. Finally, opposing effects were observed for SO2. The
lauric acid layer caused a to decrease relative to pure water
Environ. Sci.: Atmos., 2022, 2, 775–828 | 789
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(�0.81 vs. �0.90, respectively), whereas the benzoic acid layer
caused a to increase slightly to �0.91. Accordingly, the
minimum in the free energy prole was deeper within the
organic layer for the lauric acid system but closer to the air
surface for the benzoic acid system. The authors do not directly
explain why lauric acid and benzoic acid have different and
sometimes opposing effects, but they do note that lauric acid
molecules have longer alkyl chains and are oppier than ben-
zoic acid molecules. Supplementing experimental measure-
ments (like those of Shaloski et al.312) with MD simulations (like
those of Li et al.313) would provide comprehensive molecular-
level insights into the complicated environment at the gas–
surfactant interface.
6.3. Heterogeneous reactions

Here we will present recent studies of heterogeneous reactions
of O3, OH, NOy, HCl, SO2, NH3, and isoprene epoxydiols (IEPOX)
at atmospherically relevant interfaces with surfactants, lms,
and coatings. Reactive uptake of gases to pure organic aerosol
particles is outside the scope of this review.

6.3.1. Ozone. Present both day and night, ozone is a ubiq-
uitous oxidant in the troposphere. Typical background levels
range from �20–40 ppb but can reach hundreds of ppb in
polluted regions.154,314,315

6.3.1.1 O3 + oleic acid. Unsaturated species with C]C bonds
are highly susceptible to ozonolysis. Accordingly, the oxidation
of oleic acid by ozone is one of the most well-studied systems for
reactive gas uptake onto surfactant lms.316

Milsom et al.317 used time-resolved small-angle X-ray scat-
tering (SAXS) to probe the ozonolysis of thin lms of oleic acid
and sodium oleate designed to mimic cooking aerosol. They
prepared the lms by coating the interior of a glass capillary and
then passed ozone through the capillary. As shown in Fig. 12a,
the reaction proceeded most rapidly on the thinnest lms.
Indeed, none of the reactions on lms thicker than �5 mm
reached completion, as indicated by the non-zero asymptotes in
Fig. 12 (a) Observed pseudo first-order rate constants (kobs) for the reac
thickness (d). The different colors and symbols represent films from diff
signal [OA]Lam relative to the initial signal as a function of reaction time
measure kobs for films thicker than 2.5 mm. Reproduced from ref. 317 wi

790 | Environ. Sci.: Atmos., 2022, 2, 775–828
Fig. 12b. The authors propose that an inert crust of viscous
oligomers forms on the surface of the oleic acid lms and
inhibits further reactions. Follow-up studies on acoustically
levitated oleic acid/sodium oleate droplets conrmed the
formation of an inert surface lm.318 Zhou et al.319 observed
a similar phenomenon for the multiphase ozonolysis of thin
lms of benzo [a]pyrene. In each case, the surface passivation
effect suggests that the reactions are diffusion-limited. Indeed,
ozone is not the only reactive gas to face self-limiting uptake due
to the buildup of a viscous shell: reactive uptake of IEPOX can
also be self-limited in this way, as discussed in Section 6.3.7.

King et al.320 further tested the inuence of particle-phase
diffusion on the ozonolysis of oleic acid monolayers by
altering the viscosity of the subphase. These experiments were
a follow-up to their 2009 work,321 which they now suspect was
skewed by a surface-active contaminant in their reagent. In
order to change the viscosity of the system in the 2020 experi-
ments, King et al.320 added sodium perchlorate up to a concen-
tration of 9.0 M, corresponding to a 7.2-fold increase in viscosity
and a 9-fold increase in ionic strength. No effect on reaction rate
was observed. This null result discounts the potential reaction
pathway in which ozone dissolves into the bulk and then
diffuses back up to the surface to react with the surfactant
monolayer. As noted above, diffusion of ozone past the surface
layer is a slow process even within oleic acid itself.317

Aside from serving as a model surfactant on cooking aerosol,
oleic acid has also been used as a model coating for marine air–
water interfaces.118,322–325 Pfrang et al.323 found that mixtures of
oleic acid and sodium oleate in aqueous NaCl droplets formed
3D self-assembled nanostructures at the gas–liquid interface,
and these structures slowed heterogeneous reactions with
ozone. Woden et al.325 tested the inuence of both temperature
and salinity on the ozonolysis of oleic acid at the air–water
interface. The resulting lm, containing nonanoic acid, azelaic
acid, and 9-oxononanoic acid, persisted at the surfaces of pure
water and 36 g L�1 NaCl(aq) only if temperatures were below
tion of oleic acid films with 77 � 5 ppm O3 as a function of inverse film
erent capillaries (i.e., different trials). (b) Change in lamellar oleic acid
. The gray bars mark the start and end of the reaction times used to
th permission from the Royal Society of Chemistry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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�12 �C or below freezing, respectively. Nevertheless, the rate
constants seemed to be independent of temperature under their
experimental conditions. On pure water, the surface rate
constant was (2.2 � 0.1) � 10�10 cm2 s�1 at 2 �C and (2.2 � 0.4)
� 10�10 cm2 s�1 at 21 �C. These results imply that there is no
signicant energetic barrier toward reaction. Products likely
disappear because they either diffuse into the bulk or evaporate
into the gas phase.

It is unlikely for ambient aerosol particles to have a coating
of pure oleic acid with no other surface-active species. Skoda
et al.118 previously showed that stearic acid, the linear C18
saturated fatty acid, forms islands in a 1 : 1 binary mixture with
oleic acid. King et al.320 tested ozonolysis of oleic acid and
stearic acid lms across the full range of mixing ratios. The
addition of stearic acid did not signicantly affect the kinetics
of oleic acid decay, nor was degradation of stearic acid detected,
indicating that reactive intermediates from the ozonolysis of
oleic acid do not accumulate at the air–water interface. Never-
theless, even a two-component mixture constitutes a relatively
simple system compared to surfactant coatings on ambient
particulate matter.

6.3.1.2 O3 + sesquiterpenes. Enami and coworkers have
published several studies using water : acetonitrile microjets
and mass spectrometry to explore the interfacial chemistry of
Criegee intermediates (CIs) generated from the ozonolysis of
sesquiterpenes.326–330 Sesquiterpenes are a class of unsaturated
cyclic and acyclic alkenes formed from three isoprene mole-
cules, giving the characteristic formula C15H24. Examples used
by Enami and coworkers include a-humulene and b-car-
yophyllene.326–330 Exposure of sesquiterpenes dissolved in the
microjet to gas-phase ozone produces Criegee intermediates,
which are highly reactive carbonyl oxide zwitterions or bir-
adicals.331,332 Water readily reacts with Criegee intermediates,
but Enami and coworkers have found surprising evidence that
a variety of surface-active species competitively react with CIs at
the surface of water : acetonitrile solutions: linear alkyl
carboxylic acids329 and alcohols,326 sugars,328 and cis-pinonic
acid327 all out-compete water even when their bulk concentra-
tions are only at millimolar levels. Surface enrichment of the
organic species at the gas–liquid interface makes these unex-
pected reactions possible.

6.3.1.3 O3 + surfactant-coated aerosol particles. Marine
aerosol particles inuenced by biogenic activity in the sea
surface microlayer are likely to be coated with surfactants, as
noted previously. Schneider et al.333 explored the impact of
marine diatoms on multiphase ozonolysis by introducing gas-
phase ozone into the headspace of asks containing Tha-
lassiosira pseudonana cultures. C7–C10 carbonyl products were
detected in the gas phase by proton transfer reaction-mass
spectrometry (PTR-MS), and SOA formation was observed by
a scanning mobility particle sizer (SMPS) and aerosol mass
spectrometer (AMS). Carbonyl products and SOA formed more
rapidly with increased aging of the T. pseuodonana cultures. Cell
lysis in the 21 day cultures likely released labile organic species
to the air–water interface. Brüggemann et al.334 saw a similar
effect of cell lysis on photochemical reactions of aged biolms.
The experiments from Schneider et al.333 were designed to
© 2022 The Author(s). Published by the Royal Society of Chemistry
mimic conditions in the sea surface microlayer, but similar
considerations likely apply to reactions on SSA surfaces as well.

In contrast to the work of Schneider et al.,333 Jones et al.335

observed little reactivity of gas-phase ozone with surface
seawater collected in the English Channel and aerosol particles
collected in Egham, Surrey (�30 km from London, UK). The lack
of reaction is unsurprising given that the lm consisted mostly
of saturated species. Clearly the composition of the surface layer
matters when predicting the fate of surfactant-coated aerosol
particles in the presence of gas-phase ozone.

6.3.2. Hydroxyl radicals. Hydroxyl radicals dominate
daytime gas-phase and multiphase chemistry in the atmo-
sphere.203,298,314,336,337 In fact, OH radicals are so reactive that
their atmospheric lifetime is <1 s, and they are too transient to
be measured directly.336,338,339 Here we will summarize recent
laboratory measurements of heterogeneous OH oxidation of
surface-active species.

6.3.2.1 OH + biogenic SOA components. OH readily reacts
with methyl jasmonate,340 which is a sparingly soluble plant
VOC, and pinonic acid,341,342 which is a derivative of a-pinene, at
the gas–liquid interface. Indeed, the rst-order rate constant for
the oxidation of methyl jasmonate is 3.5 times greater on a thin
lm than in bulk solution.340 This dramatic increase likely
occurs because methyl jasmonate is more exposed at the gas–
liquid interface, where it is only partially solvated, and because
diffusion is faster in the interfacial region than in the bulk.

cis-Pinonic acid is also enriched at the air–water interface.341

Enami et al.341 were the rst to identify pinonic peroxyl radicals
and pinonic hydroperoxides at the air–water interface aer
exposing dilute solutions of pinonic acid to gas-phase OH. With
knowledge of these reactive intermediates, the authors propose
a new pathway to formMBTCA (3-methyl-1,2,3-butanetricarboxylic
acid), which is commonly used as a tracer for biogenic SOA. The
authors further estimate that 70% of the pinonic acid photo-
oxidation products are volatile enough to evaporate into the gas
phase, where they could potentially contribute to SOA formation.
Products included alcohols and carbonyls. When Huang et al.342

exposed aqueous droplets containing cis-pinonic acid to gas-phase
OH, they also detected alcohols and carbonyls, including alde-
hydes, ketones, and carboxylic acids. Huang et al.342 purposefully
constrained the reaction to the interfacial region by adding SDS,
a model anionic surfactant. SDS itself reacted with OH radicals,
though slightly slower than cis-pinonic acid did (k ¼ 2.9 � 10�8

cm2 mol�1 s�1 for SDS versus 9.4 � 10�8 cm2 mol�1 s�1 for cis-
pinonic acid).342 Nevertheless, Huang et al.342 were still able to
observe eight generations of oxidation products from successive
oxygen additions to SDS.

Faust and Abbatt343 also used SDS as a model surfactant to
study heterogeneous photo-oxidation in aqueous organic aero-
sol particles. Unlike pinonic acid, however, their molecule of
choice was not inherently surface-active: tricarballylic acid,
which is a surrogate for MBTCA, is highly soluble in water. On
its own, the second-order rate constant for the reaction of
aqueous-phase tricarballylic acid with gas-phase OH was found
to be (1.9 � 0.1) � 10�11 cm3 mol�1 s�1 with a reactive uptake
coefficient of �3.0, implying that radical–radical chain reac-
tions contribute to the loss of tricarballylic acid. For
Environ. Sci.: Atmos., 2022, 2, 775–828 | 791
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Fig. 13 Possible reaction pathways when OH collides with an aqueous aerosol particle containing tricarballylic acid (TCA, panels A and B) or
tricarballylic acid and SDS (panels C–E). Steps (a) through (h) are described in the main text. Water molecules, ions, and SDS oxidation products
are omitted from the cartoons for clarity. Reprinted with permission from J. A. Faust and J. P. D. Abbatt, Organic Surfactants Protect Dissolved
Aerosol Components against Heterogeneous Oxidation, J. Phys. Chem. A, 2019, 123, 2114–2124. Copyright 2019 American Chemical Society.
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comparison, SDS on aqueous aerosol particles reacted approx-
imately twice as rapidly as tricarballylic acid did, with a rate
constant for dodecylsulfate loss of �4.4 � 10�11 cm3 mol�1 s�1

and a reactive uptake coefficient of �3.9. Fig. 13 presents
a cartoon of the reaction pathways that lead to reactive uptake
with and without SDS. When a gas-phase hydroxyl radical
strikes the surface of an aqueous aerosol particle containing
tricarballylic acid, OH can (a) react directly with tricarballylic
acid at the surface, (b) diffuse and then react at the surface, or
(c) diffuse and react in the bulk (see Fig. 13A). Because g > 1, we
Fig. 14 (a) Decay in normalized tricarballylic acid signal, measured as the
exposure for varying overall fractional surface coverage (Q) by SDS. Q
polydisperse aerosol population. The solid lines are fits to the equation I/
signal at zero OH exposure, k is the effective second-order rate constan
tricarballylic acid particles without SDS (data points not shown). (b) Rate
normalized by the rate constant k0 for particles without SDS. Reprinted w
Protect Dissolved Aerosol Components against Heterogeneous Oxidatio
Chemical Society.

792 | Environ. Sci.: Atmos., 2022, 2, 775–828
know secondary reactions must be occurring. Fig. 13B shows
how OH can also react with intermediate species at the surface
(d and e) or in the bulk (f). The intermediates themselves may
also undergo bulk-phase or interfacial transformations (g
and h, respectively).

The addition of SDS to tricarballylic acid aerosol particles
dramatically slowed the oxidation of tricarballylic acid. As
shown in Fig. 14, the rate constant decreased by�60% once SDS
reached monolayer coverage. In the presence of SDS, OH must
penetrate through the interfacial region to encounter
C4H4O
+ fragment by aerosol mass spectrometry, as a function of OH

is calculated as a weighted average across all particle size bins in the
I0 ¼ I0 + (1 � I0)e

�k[OH]t, where I is the C4H4O
+ signal, I0 is the C4H4O

+

t, and [OH]t is the OH exposure. The dashed red line is the fit line for
constants for tricarballylic acid decay in SDS-coated aerosol particles,
ith permission from J. A. Faust and J. P. D. Abbatt, Organic Surfactants
n, J. Phys. Chem. A, 2019, 123, 2114–2124. Copyright 2019 American

© 2022 The Author(s). Published by the Royal Society of Chemistry
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tricarballylic acid (Fig. 13C and D). In theory, once the amount
of SDS in the aerosol particle exceeds the critical micelle
concentration (CMC, i.e., the concentration at which the
surfactant molecules begin to self-aggregate into micellar
structures), then reactions of OH and tricarballylic acid may
resume, but the experiments did not reach such high SDS levels
(Fig. 13E). Across the range of surfactant concentrations under
study, SDS effectively shielded bulk-phase tricarballylic acid
from oxidation. The fraction of tricarballylic acid remaining at
equilibrium shied from �25% in the absence of SDS to �50%
at monolayer coverage, as shown by the nonzero tricarballylic
acid signals at high OH exposures in Fig. 14. Thus, the presence
of surfactants on aerosol particles can extend the lifetime of
molecules in the bulk.

6.3.2.2 OH + organic aerosol lms and coatings. Lam et al.344

have shown that particle morphology and phase affect the
kinetics of the heterogeneous reaction of OH with aqueous
organic aerosol particles. They prepared a model system of
aqueous droplets containing ammonium sulfate and 3-meth-
ylglutaric acid and reacted them with OH radicals in a ow tube.
As they decreased the relative humidity, the particles underwent
phase separation. Once the particles adopted a core–shell
structure, 3-methylglutaric acid molecules in the surface shell
were more readily exposed to collisions with OH, and the rate
constant k increased. This effect resulted in a roughly 70%
increase in k over the range of relative humidities studied, from
(1.01 � 0.02) � 10�12 cm3 mol�1 s�1 at 88% RH (when the
particles were homogeneous) to (1.73 � 0.02) � 10�12 cm3

mol�1 s�1 at 55% RH (when the particles were phase-separated).
Lim et al.345 characterized the impact of lm thickness on the

reaction of gas-phase OH with squalane lms on ammonium
sulfate particles. Squalane, a branched C30 alkane, reacted
much more rapidly in the lms than in pure squalane particles
by up to an order of magnitude. Furthermore, the squalane-
Fig. 15 (a) Decay in normalized squalene (Sq) signal as a function of OH
130 �C (black) and for �200 nm ammonium sulfate particles coated with
film), and 80 �C (red, 4 nm film). The solid lines are fits to the exponential d
e�kSq[OH]t, where kSq is the second-order rate constant. (b) Surface area-
data in panel (a). The dashed line is a weighted linear least squares fit with
Y. Lim, E. C. Browne, R. A. Sugrue and J. H. Kroll, Rapid heterogeneous ox
2017, 44, 2949–2957. Copyright 2017 Wiley.

© 2022 The Author(s). Published by the Royal Society of Chemistry
coated particles reached a higher average carbon oxidation
state and experienced greater desorption of organic species in
comparison to the pure squalane particles. As shown in Fig. 15,
Lim et al.345 found a linear correlation between the rate constant
and the surface area-to-volume ratio of the coated particle. The
change in reaction rate was a purely physical phenomenon due
only to the change in surface area-to-volume ratio. This obser-
vation implies that care must be taken when interpreting
heterogeneous reaction rates on aerosol particles with a poly-
disperse size distribution.

6.3.2.3 OH + fatty acids & lipids. In the presence of sunlight,
photo-oxidation of oleic acid by OH radicals is a more important
loss pathway than the ozonolysis reactions discussed in Section
6.3.1. When Zhang et al.346 exposed oleic acid lms at the air–
water interface to gas-phase OH, they observed that the reaction
of OH with the C]C bond caused mainly addition of the
carbonyl group or the combination of a carbonyl group and
a hydroxyl group. Fragmentation was a minor reaction route. At
saturated sites in the oleic acid molecule, OH caused the
addition of carbonyl and hydroxyl groups, similar to the reac-
tion pathways in stearic acid monolayers.346 Oxygenated prod-
ucts were able to diffuse into the bulk and exchange with
subsurface oleic acid molecules, allowing further decay of the
oleic acid. This observation is in opposition to the formation of
an inert crust due to dark ozonolysis of oleic acid.317,320

In a later study of lipid photo-oxidation, Zhang et al.347 found
that the lipid POPG, or 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-(10-rac-glycerol), reacts differently with OH than oleic acid
does even though both species have a cis C]C bond in a C18
chain. Whereas oleic acid forms functionalization products,346

POPG forms fragmentation products.347 Furthermore, the
heterogeneous reaction of OH with POPG monolayers produces
Criegee intermediates, as evidenced by the formation of
hydroxyhydroperoxides. The authors attribute the different
exposure for pure squalene particles nucleated at 145 �C (gray) and
squalene films prepared at 88 �C (blue, 2 nm film), 83 �C (yellow, 3 nm
ecay of squalene due to heterogeneous reaction with OH: [Sq]/[Sq]0¼
to-volume ratio (SA/V) versus rate constant kSq, corresponding to the
intercept forced through the origin. Reprinted with permission from C.
idation of organic coatings on submicron aerosols,Geophys. Res. Lett.,

Environ. Sci.: Atmos., 2022, 2, 775–828 | 793
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reaction mechanisms to the dense packing of the POPG
monolayer in comparison to the oleic acidmonolayer.347 Studies
with fatty acids and lipids are relevant to processes that may be
occurring at the surface of primary SSA.

6.3.3. Reactive nitrogen. NOy, which is shorthand for total
reactive nitrogen, encompass NOx (NO + NO2) and NOx oxida-
tion products.154 Work discussed here involves reactive uptake
of NO2, NO3, N2O5, and HNO3 to surfactant-coated interfaces.

6.3.3.1 NO2. Recent experiments have explored uptake and
reaction of NO2 to fatty acid lms in the presence of salt.
Sobanska et al.348 measured the uptake of gas-phase NO2 to
lms of stearic acid (C18 saturated fatty acid) coated on
a sodium chloride crystal. The resulting surface coverage was
patchy, and NO2 uptake was found to occur on exposed NaCl
sites. In the presence of water vapor, sodium nitrate (NaNO3)
formed on the surface. As RH increased, the authors observed
a phase transition from solid NaNO3 to aqueous NaNO3 and
a concomitant transition from ordered stearic acid chains to
a disordered stearic acid gel at the surface.

Deng et al.349 studied uptake of gaseous NO2 to the lms of
the corresponding C18 monounsaturated fatty acid (oleic acid)
under exposure to UVA radiation. As shown in Fig. 16, there was
an inverse linear correlation between relative humidity and the
reactive uptake coefficient, which ranged from g¼ (1.4� 0.1)�
10�6 at 0% RH to g¼ (7.1� 1.6)� 10�7 at 90% RH. The authors
propose that a water layer forms on top of the oleic acid lm at
high RH and blocks further exposure of oleic acid molecules to
NO2. Changes to the uptake coefficient upon the addition of
Na2SO4 and NaNO3 are included in Fig. 16. More HONO and
gas-phase nitroaromatics were produced when inorganic nitrate
ions were present. Reactive uptake of NO2 to the surface of
aerosol particles in the atmosphere is intrinsically linked to
particle-phase nitrate chemistry.
Fig. 16 Uptake coefficient (g) for NO2 on oleic acid (blue circles), oleic
acid with sodium nitrate (red squares), and oleic acid with sodium
sulfate (black triangles) as a function of relative humidity. Lines have
been added to guide the eye. The NO2 mixing ratio was 40 ppb, the
temperature was 296 K, and the conditions of light irradiation were
15.5 W m�2, 5.3 � 1013 photons cm�2 s�1, 300 nm < l < 400 nm. Data
from ref. 349 provided by the authors.

794 | Environ. Sci.: Atmos., 2022, 2, 775–828
6.3.3.2 NO3. Nitrate radicals are important drivers of
nighttime chemistry in the troposphere, where they are present
at concentrations up to �300 ppt.154,350–352 Sebastiani et al.147

quantied rate constants, characteristic lifetimes (s), and reac-
tive uptake coefficients for the heterogeneous reaction of NO3

with long-chain acid and ester monolayers. Their results are
summarized in Table 1. Stearic acid (C18 saturated fatty acid)
was four orders of magnitude less reactive than the other
species, which were all unsaturated. Palmitoleic acid (C16
unsaturated fatty acid) had a longer desorption lifetime than
either oleic acid (C18 unsaturated fatty acid) or methyl oleate
(C18 unsaturated ester) because the shorter alkyl chains in
palmitoleic acid le the reactive C]C bond more accessible to
incoming NO3. Some oxidation products of the fatty acids per-
sisted at the gas–liquid interface, but the oxidation products of
methyl oleate were not surface-active. Thus, both the surfactant
head group and the chain length inuence reactivity. Sebastiani
et al.147 considered the competition between oxidation by NO3

and O3 as nighttime sinks for fatty alcohols and esters. The
reactions with NO3 were generally faster, but the effect varied
signicantly even for molecules of similar structure: oleic acid
reacted 400 times faster with NO3 than with O3, but methyl
oleate reacted only 60 times faster with NO3 than with O3.
Nevertheless, concentrations of O3 generally exceed those of
NO3 in the troposphere.

Woden et al.353 extended studies of the heterogeneous reac-
tions of NO3 with fatty acid lms to incorporate lipids. Using
neutron reectometry, IRRAS, and BAM, they monitored reac-
tions of monolayers of galacterocerebroside (a glycolipid) on its
own and in mixtures with palmitic acid or palmitoleic acid.
Aer NO3 exposure for a period of 3–5 hours, the surface
remained coated with hydrocarbon chains, and no signicant
changes were detected by neutron reectometry. IRRAS
measurements showed that the C]C bond on the hydrocarbon
tail of galacterocerebroside reacted to some extent with NO3,
but adding CaCl2 to the aqueous subphase turned off the
reaction because the divalent cation organized chain–chain
interactions in the lipid layer. Drawing parallels to earlier work
by Jones et al.335 and Zhang et al.,347 Woden et al.353 concluded
that NO3 oxidation is not an important removal mechanism for
lipid lms at aerosol surfaces under atmospherically relevant
conditions.

6.3.3.3 N2O5. Dinitrogen pentoxide (N2O5) is an important
reservoir of reactive nitrogen in the atmosphere that has long
served as a model system for studying heterogeneous reac-
tions.45,351,354 Sullivan and co-workers have published a series of
studies on gas-phase N2O5 uptake by BBA particles.355–358

Notably, organic coatings did not constrain reactive uptake of
N2O5 at high RH by BBA particles generated from chloride-rich
fuels like black needlerush.357 Furthermore, N2O5 uptake and
hydrolysis at the surface of ambient aerosol particles can
signicantly affect particle-phase nitrate content.359 Liu et al.360

modeled nitrate formation during a heavy haze period in the
Beijing-Tianjin-Hebei region of China in February 2014.
Following the Riemer 2009 parameterizations for N2O5 in WRF-
Chem (the Weather Research and Forecasting model coupled
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction of NO3 with long-chain acids and estersa

Compound k [cm2 mol�1 s�1] s [ns] g

(2.8 � 0.7) � 10�8 8 � 4 (2.1 � 0.5) � 10�3

(2.4 � 0.5) � 10�8 16 � 4 (1.7 � 0.3) � 10�3

(3.3 � 0.6) � 10�8 8 � 3 (2.1 � 0.4) � 10�3

< (5 � 1) � 10�12 — � (5 � 1) � 10�7

a Data from Sebastiani et al.147
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with Chemistry),361 Liu et al.360 were able to successfully match
nitrate measurements only by incorporating the heterogeneous
hydrolysis of N2O5 on hygroscopic organic coatings. Approxi-
mately 30% of total nitrate could be attributed to these reac-
tions, which also contributed �12% of total PM2.5 formation.360

Accordingly, heterogeneous reactions of N2O5 on lms and
coatings have important implications for air quality and
climate.

In a fundamental laboratory study, Sobyra et al.362 reported
reactive scattering of N2O5 with surfactant-coated water micro-
jets. They directed a near-thermal beam of N2O5 gas (10 kJmol�1)
at the surface of a supercooled aqueous jet containing bromide
ions. The emission of Br2 gas indicated that an oxidation–
reduction reaction had occurred as follows: N2O5(g) + 2Br�(aq)
/ Br2(g) + NO3

�(aq) + NO2
�(aq). Adding the C4 nonionic

surfactant 1-butanol to the solution reduced Br2 emission
somewhat. In contrast, adding even trace amounts of the C6
cationic surfactant tetrahexylammonium drastically shut down
Br2 emission: adding just 9% of a tetrahexylammonium mono-
layer decreased the Br2 signal by 85%. The authors suggest that
the tetrahexylammonium ions bring Br� toward the air–water
interface and stabilize the anionic intermediate Br3

� in solution.
A similar stabilization was seen by Gord et al.363 for N2O5 to Br2
conversion and by Faust et al.364 for Cl2 to Br2 conversion, both on
tetrahexylammonium-coated glycerol, and to a lesser extent for
Cl2 to Br2 conversion on glycerol coated with the zwitterionic
phospholipid dihexanoylphosphotidylcholine (DHPC).363 Chen
et al.365 also saw that tetrabutylammonium ions enhanced the
reactivity of gas-phase ozone with bromide ions in aqueous
solutions, not only because the surfactant draws more Br� to the
surface, but also because the surfactant stabilizes the bromide
ozonide intermediate, increasing its lifetime by an order of
magnitude. In these cases, the quaternary ammonium surfac-
tants brought gas-phase and solution-phase reactants together in
close proximity and thereby promoted the multiphase reactions.
Accordingly, care must be taken when predicting the effects of
ionic surfactants on interfacial reactions involving charged
reactants and intermediates.
© 2022 The Author(s). Published by the Royal Society of Chemistry
6.3.3.4 HNO3. Nitric acid (HNO3) uptake to aerosol particles
is important because it facilitates acid-catalyzed reactions once
dissolved in the aqueous phase. Gas-phase nitric acid has been
shown to react with deprotonated carboxylate and phosphate
groups in lipopolysaccharides at the surface of SSA parti-
cles.366,367 Lee et al.367 conducted ow tube experiments and MD
simulations to investigate reactions of nitric acid with nascent
SSA particles containing lipopolysaccharides and sodium,
magnesium, and calcium ions. For the lab studies, Lee et al.367

generated SSA from real seawater under the conditions of
a phytoplankton bloom. They isolated particles that were
dominated by monovalent cations from those dominated by
divalent cations; all particles selected for further study con-
tained lipopolysaccharides. Lee et al.367 also prepared aerosol
particles containing controlled amounts of commercial lipo-
polysaccharides from E. coli and NaCl, MgCl2, or CaCl2. When
particles were exposed to 50 ppb HNO3 at 50% RH, the sodium-
containing particles were found to be eight times more reactive
than the particles containing divalent cations. Results of the
MD simulations, shown in Fig. 17A, indicate that water diffuses
more rapidly through the lipopolysaccharide lms in the pres-
ence of monovalent cations than in the presence of divalent
cations. In addition, more water molecules are present within
the lipopolysaccharide layer in the presence of monovalent vs.
divalent cations (Fig. 17B). The cartoons in Fig. 17C illustrate
how diffusion of water through the lipopolysaccharides is crit-
ical for the ability of HNO3 to react.

In summary, reactive uptake of HNO3 to aerosol particles
containing lipopolysaccharides is lower when the particles
contain divalent cations like Mg2+ and Ca2+ than when they
contain monovalent cations like Na+ because the divalent
cations induce cross-linking of the oligosaccharide chains,
altering the physical properties of the particles and slowing
diffusion in the interfacial region.367

6.3.4. Hydrochloric acid. In another set of experiments
with relevance to SSA, Zhang et al.347 explored the uptake of gas-
phase HCl to lipid monolayers at the surface of water droplets.
Using eld-induced droplet ionizationmass spectrometry (FIDI-
Environ. Sci.: Atmos., 2022, 2, 775–828 | 795
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Fig. 17 (A) Diffusion coefficients of water molecules through lipopolysaccharide (LPS) bilayers with Na+ (green), Mg2+ (blue), or Ca2+ (orange)
cations. (B) Water density within lipopolysaccharide bilayers from the corresponding all-atomMD simulations averaged over 200 ns. (C) Cartoon
illustrations of water diffusion (blue arrows) and HNO3 reactions within lipopolysaccharide bilayers. The yellow stars indicate that reactions occur
in the presence of monovalent cations (left) but not divalent cations (right). Reprinted with permission from C. Lee, A. C. Dommer, J. M. Schiffer,
R. E. Amaro, V. H. Grassian and K. A. Prather, Cation-Driven Lipopolysaccharide Morphological Changes Impact Heterogeneous Reactions of
Nitric Acid with Sea Spray Aerosol Particles, J. Phys. Chem. Lett., 2021, 12, 5023–5029. Copyright 2021 American Chemical Society.
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MS), they monitored acid-catalyzed cleavage of ester groups in
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, saturated
lipid) and 1-palmitoyl-2-oleolyl-sn-glycero-3-phospho-(10-rac-
glycerol) (POPG, unsaturated lipid). Reaction was observed in
both systems: for DPPC, Zhang et al.347 detected products from
the loss of one palmitic acid tail, and for POPG, they detected
products from the loss of oleic acid and from the loss of pal-
mitic acid. Reactions with both DPPC and POPG were inhibited
by the addition of cholesterol, which reorganized the surface
structure to block HCl uptake. Surprisingly, adding cholesterol
also shut down uptake of highly reactive OH radicals, which did
not penetrate the gas–liquid interface to react with either
cholesterol or the lipids. These results serve as a reminder that
we cannot always extrapolate laboratory measurements of
single-component systems to multicomponent systems in the
atmosphere.

6.3.5. Sulfur dioxide. SO2 is a common anthropogenic
pollutant from fossil fuel combustion that readily reacts with
unsaturated carbon–carbon double bonds.225 Passananti et al.368

performed a systematic study of the reactive uptake of SO2 gas
on lms of fatty acids and alkenes using a coated wall ow tube,
aerosol ow tube, and diffuse reectance infrared Fourier
transform spectroscopy (DRIFTS). They measured roughly the
same reactive uptake coefficient for SO2 on oleic acid lms
under a variety of conditions: (a) dry synthetic air, (b) nitrogen,
(c) synthetic air with ozone, (d) synthetic air adjusted to 30%
796 | Environ. Sci.: Atmos., 2022, 2, 775–828
RH, and (e) dry synthetic air with UV/visible radiation. Even
though g remained on the order of 10�6 for all experiments, the
types and amounts of products formed did vary. For example,
the dominant product in experiments with UV/visible exposure
was C18H34O6S, identied as a cyclic organosulfate by tandem
mass spectrometry. In contrast, the dominant product in the
30% RH experiments was a smaller, linear organosulfate
(C9H18O6S). Shang et al.369 similarly reported the formation of
both C18 and C9 organosulfates from the reaction of SO2 with
oleic acid lms.

When comparing the reactivities of assorted organic lms
with SO2 (see Table 2), Passananti et al.368 found that acids were
more reactive than alkenes, and aromatics did not react at all.
Terminal C]C bonds were clearly less reactive than internal
C]C bonds, but patterns in the reactivity of cis and trans bonds
were ambiguous. The value of g was 50 times greater for oleic
acid (cis-C18) than for elaidic acid (trans-C18). However, oleic
acid is a liquid at room temperature whereas elaidic acid is
a solid. Based on variable temperature experiments, the authors
observed that the reactive uptake coefficient dropped sharply
when transitioning below the freezing point, likely due to
inhibited diffusion in the condensed phase.

Regardless of phase, reactions of unsaturated organic
surfactants with SO2 are unlikely to play a signicant role in
aerosol aging under most ambient conditions, where O3 is more
abundant and far more reactive.369,370 Exceptions may occur in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 SO2 uptake by unsaturated molecules

Compound
Melting point
[�C] gSO2

a [�10�6]

13–14 5.0 � 0.5

0.5 1.4 � 0.1

�5 3.0 � 0.3

�12 5.5 � 0.5

42–44 0.10 � 0.03b

23–25 0.85 � 0.05c

�35 0.08 � 0.01

14–16 0.21 � 0.01

>300 Not reactive

a Experimental conditions: 40 ppb of SO2 in dry synthetic air, ow rate ¼ 300 mL min�1, T ¼ 293 K. b This uptake was measured under 35% RH.
c This uptake was measured at 298 K. Data from Passananti et al.368
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highly polluted regions. Zhu et al.371 sampled PM2.5 in Wan-
qingsha, China in December 2013 and found evidence of
organosulfate formation from heterogeneous reactions of SO2

gas and unsaturated fatty acids on ambient aerosol particles.
These reactions contributed 7–13% of the total sulfur in all
CHOS species and 0.3–0.9% of the total organic mass in all
PM2.5. Thus, SO2/fatty acid reactions remain relevant under
certain conditions in the atmosphere.

6.3.6. Ammonia. Ammonia (NH3) is the most common gas-
phase base in the atmosphere.225 It can react with carbonyl
species at the surface of organic aerosol particles to form light-
absorbing brown carbon compounds.372 Silvern et al.373 found
indirect evidence that organic coatings affect NH3 uptake to
aerosol particles in the eastern United States: thermodynamic
models were unable to reproduce ammonium-to-sulfate ratios
from ambient particles unless it was assumed that the aerosol
consisted of sulfate particles with organic coatings, limiting
NH3 uptake. Because NH3 affects particle pH, accurately
modeling its uptake affects our ability to predict other particle-
© 2022 The Author(s). Published by the Royal Society of Chemistry
phase processes, such as acid-catalyzed SOA formation.
Comparing measurements and models is a powerful way to test
assumptions about what chemical reactions and processes are
important in the atmosphere.

6.3.7. IEPOX. Isoprene (C5H8, 2-methyl-1,3-butadiene) is
the most abundant hydrocarbon in the atmosphere other than
methane: its emissions are estimated at 500 Tg per year,
primarily from plants.374 In regions with low NO levels, isoprene
undergoes gas-phase oxidation by OH to form isoprene hydroxy
hydroperoxide (ISOPOOH), which in turn reacts with OH to
form isoprene epoxydiols.375 Acid-catalyzed reactive uptake of
IEPOX is a major source of SOA in the atmosphere.376,377

Atmospheric box models are unable to reproduce concen-
trations of IEPOX-derived SOA, however, without incorporating
particle phase, especially in regions of low RH and cold
temperatures.156,378–381 As IEPOX reacts at the surface of acidic
sulfate particles, a viscous coating forms that inhibits further
uptake. Zhang et al.382 provided experimental evidence for this
phenomenon in chamber experiments of IEPOX uptake to
Environ. Sci.: Atmos., 2022, 2, 775–828 | 797
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acidied ammonium sulfate seeds, and the authors supported
their conclusions with thermodynamic modeling. Drozd et al.383

previously hypothesized that uptake of a-pinene oxide to acidic
sulfate aerosol was similarly limited by the formation of an
organic coating, though they noted that such processes were
unlikely to be relevant in the atmospheric because of the
subzero pH required for reaction. IEPOX uptake, in contrast, is
highly relevant to the formation and evolution of SOA in the
atmosphere.376,377

Extensive laboratory studies support the importance of
phase, viscosity, and diffusion for the reactive uptake of IEPOX
to organic-coated aerosol particles. Gaston et al.384 observed
early evidence for self-limiting IEPOX uptake when they
measured reduced uptake of trans-b-IEPOX onto ammonium
bisulfate particles coated with polyethylene glycol. More recent
work has employed SOA coatings derived from a-pinene,
toluene, and b-caryophyllene.385–388 For example, Zhang et al.386

found a 30–50% decrease in the reactive uptake coefficient of
IEPOX to particles coated with just �15 nm of a-pinene SOA
(across a relative humidity range of 15–50%).

Lei et al.388 employed a combination of AFM with photo-
thermal infrared spectroscopy, Raman microspectroscopy, and
SEM-EDX to directly show how reactive IEPOX uptake to acidi-
ed ammonium sulfate particles coated with a-pinene, b-car-
yophyllene, isoprene, and toluene SOA alters the
physicochemical properties of the particles. IEPOX uptake
signicantly decreased the viscosity of the particles coated with
a-pinene and b-caryophyllene SOA but did not signicantly alter
the viscosity of the particles coated with isoprene or toluene
SOA, as shown in Fig. 18. The authors attributed the differences
Fig. 18 AFM phase images and spreading ratios of (a) a-pinene, (b) b-c
(right) IEPOX uptake at 50% RH. Spreading ratios were calculated from th
population of particles. Error bars show standard deviations, and asterisk
exposure (p < 0.05). (e) Raman spectra showing the core and shell compo
The colors of the spectra correspond to the locations of the colored do
from Z. Lei, N. E. Olson, Y. Zhang, Y. Chen, A. T. Lambe, J. Zhang, N. J. Whi
P. Ault, Morphology and Viscosity Changes after Reactive Uptake of Is
Secondary Organic Aerosol Formed from Different Volatile Organic Com
American Chemical Society.

798 | Environ. Sci.: Atmos., 2022, 2, 775–828
to molecular weight: a-pinene and b-caryophyllene have greater
molecular weights than isoprene or toluene. Viscosities were
inferred from the height of particles in AFM images. Taller
particles with lower spreading ratios (i.e., ratio of radius to
height) are assumed to be more viscous. Fig. 18e shows that
IEPOX uptake altered the chemical composition of both the
shell and the core of a-pinene SOA. This work by Lei et al.388 is
an example of the powerful insights into heterogeneous reac-
tions on coated particles that can be obtained by combining
measurements of morphology and composition for single
particles.
6.4. Particle-phase reactions

As illustrated back in Fig. 1, some particle-phase reactions can
generate surface-active species. Here we will briey consider
recent ndings on particle-phase oligomerization reactions of
a-keto acids, aldehydes, and terpenes to produce surface-active
molecules.

Pyruvic acid, a C3 a-keto acid, readily undergoes self-
oligomerization at the air–water interface.103,389,390 Surface-active
products include the oligomers zymonic acid and parapyruvic
acid.103 These reactions occur spontaneously in the dark, but
pyruvic acid also undergoes photolysis to form oligomers upon
exposure to UV/visible radiation.390 Intriguingly, Rapf et al.391

showed that photolysis of C6 to C12 a-keto acids is a potential
abiotic source of multi-tailed lipids at the air–water interface.

Aldehydes also undergo condensation reactions in aqueous
aerosol particles.14 For example, Van Wyngarden et al.392

observed that propanal (CH3CH2CHO) forms visibly colored
aryophyllene, (c) isoprene, and (d) toluene SOA before (left) and after
e ratio of particle radius relative to particle height, averaged across the
s denote statistically significant changes in spreading ratio after IEPOX
sition of a-pinene SOA before (top) and after (bottom) IEPOX exposure.
ts on the optical microscope images (insets). Adapted with permission
te, J. M. Atkin, M. M. Banaszak Holl, Z. Zhang, A. Gold, J. D. Surratt and A.
oprene Epoxydiols in Submicrometer Phase Separated Particles with
pounds, ACS Earth Space Chem., 2022, 6, 871–882. Copyright 2022

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lms on sulfuric acid solutions due to acid-catalyzed aldol
condensation reactions. Major products were 2-methyl-2-
pentenal (the dimer); 1,3,5-trimethylbenzene; and 2,4,6-
triethyl-1,3,5-trioxane, with larger oligomers detected as well.
Mixtures of multiple aldehydes form even more complicated
oligomeric products because cross-reactions are oen favored
over self-oligomerization.392,393 Furthermore, dicarbonyl
compounds such as glyoxal (CHOCHO) and methylglyoxal
readily react with ammonium ions and amines to form surface-
active species, such as oligomers containing imidazoles and
pyrroles.15,372,394–401 These light-absorbing products belong to the
class of compounds known as brown carbon.15 Brown carbon
aerosols are of relevance to global climate because they absorb
solar radiation, contributing to positive radiative forcing.

Terpenes, including a-pinene and isoprene, are known to
form oligomers at the surface of aerosol particles during atmo-
spheric aging.12,14,402–407 In the case of dimeric a-pinene oxidation
products, the surface propensity has been shown to depend on
stereochemistry.408 Ishizuka et al.409 present an interesting case
study of how surfactants already present at the air–water inter-
face affect the interfacial oligomerization of isoprene. They
monitored the reaction of gas-phase isoprene with liquid
microjets of aqueous solutions containing either the nonionic
surfactant 1-octanol or a cationic quaternary ammonium
surfactant. Both surfactants suppressed the oligomerization of
isoprene, but the cationic surfactant did so to a much greater
extent. The authors propose that the cation caused electrostatic
exclusion of H3O

+ from the interface, so proton transfer could
not occur to initiate the acid-catalyzed oligomerization of
isoprene. This result serves as a reminder that reactions that
produce surface-active species in simple systems in laboratory
experiments may behave very differently in ambient systems.
6.5. Future needs

As in all areas of atmospheric chemistry, our knowledge of
multiphase reactions in and on surfactant-coated particles
would benet from continued integration of eld measure-
ments, laboratory experiments, and computational simula-
tions, extrapolated to atmospheric chemical
modeling.12,64,142,211,410–413 A continuing question surrounds the
relevance of laboratory and computational studies on simple,
equilibrated systems in comparison to the complex conditions
in the atmosphere. Particle morphology, phase, viscosity, mix-
ing state, ionic strength, and pH will all affect reactions both at
the gas–liquid interface and in the bulk.414,415 Single-particle
measurements and advances in instrumental techniques and
modeling are necessary to bridge molecular-level insights and
global observations. We encourage continued synergy between
studies of heterogeneous reactions on aerosol particle surfaces
and similar processes at the sea surface microlayer322,324,416 and
on indoor lms.417,418
7. Photochemistry

Solar radiation that reaches the troposphere is capable of
initiating reactions by exciting molecules to a higher electronic
© 2022 The Author(s). Published by the Royal Society of Chemistry
state and then triggering photodissociation, photo-
isomerization, energy transfer, hydrogen abstraction, free
radical formation, or other chemical reactions.419,420 Photo-
chemical processes at the air–water interface are distinct from
purely gas-phase and purely condensed-phase processes
because of the inherent anisotropy of the surface, where mole-
cules are not fully solvated and can pack closely together.419,421

Here we will focus on studies of photo-driven reactions of
surface-active species published from 2015 onwards, following
the comprehensive review of George et al.419
7.1. Fatty acids

7.1.1. Nonanoic acid. Extensive work has been carried out
on photochemical reactions of nonanoic acid, the C9 linear
saturated fatty acid. In general, fatty acids are not regarded as
photochemically active on their own within the wavelength
range of the solar spectrum. However, Rossignol et al.422 found
that nonanoic acid undergoes direct photodegradation at the
air–water interface. They worked with 2 mM nonanoic acid
solutions, predicted to correspond to greater than monolayer
surface coverage. The reaction proceeded through excitation of
nonanoic acid to a triplet state,423 which can form at the surface
but not in the bulk because of the high concentration of non-
anoic acid molecules required.422 Hayeck et al.424 later showed
that peroxy radicals form as reactive intermediates at the air–
water interface when nonanoic acid lms are directly irradiated.
The mechanism for the photochemical reactions of nonanoic
acid is shown in Scheme 1.422

Stirchak et al.425 compared VOC release from photochemical
reactions of 2 mM nonanoic acid on simulated saltwater vs.
freshwater solutions. The yield was actually slightly lower on
saltwater. The authors propose three possible reasons: (1)
differences in solubility of the products, (2) a decrease in the
surface coverage of nonanoic acid on saltwater because of the
elevated pH, and (3) interactions between nonanoic acid and
the ions in saltwater.425 These results are relevant to photo-
chemical reactions at the surface of SSA with minimal organic
content.

Although George and coworkers422,424,425 have shown that it is
possible for fatty acids to undergo direct photochemical reac-
tions in highly concentrated surface lms, reactions are far
more likely to proceed in the presence of a photosensitizer.421 A
good photosensitizer efficiently absorbs solar radiation and
transfers energy to a less photochemically active species. Humic
acid,426,427 4-benzoylbenzoic acid (4-BBA),427,428 and imidazole-2-
carboxaldehyde (IC)428 have all been used as photosensitizers
for nonanoic acid. The a-keto acids pyruvic acid and 2-oxooc-
tanoic acid can also act as photosensitizers for nonanoic acid,429

but 2-oxooctanoic acid can undergo direct photochemical
reactions on its own to form humic-like substances at the
surface of acidic solutions.430

The mechanism for photodegradation of nonanoic acid in
the presence of a photosensitizer is shown in Scheme 2.428

Absorption of light excites the photosensitizer to the triplet
state, and it abstracts a hydrogen atom from nonanoic acid.
Final products include saturated and unsaturated aldehydes,
Environ. Sci.: Atmos., 2022, 2, 775–828 | 799
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Scheme 1 Direct photochemical reaction mechanism for nonanoic acid. Scheme based on ref. 422.
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ketones, alkenes, dicarbonyls, dimers, and highly oxygenated
species.426–428 Many of the same products form in the absence of
photosensitizers,422 but the pathways are distinct, as seen by
comparing Schemes 1 and Scheme 2. Tinel et al.428 found �9
times more C9H18O (identied as nonanal) in the aqueous
phase and �14 times more C5H10O (pentanal and/or penta-
none) in the gas phase in the presence of 4-BBA in comparison
to when nonanoic acid was present alone. Whether the products
partition to the gas phase, aqueous phase, or both depends on
their volatility. Furthermore, pH affects the distribution of
acidic and basic species, including nonanoic acid itself, across
the air–water interface. As pH is decreased, nonanoic acid is
protonated and dissolves more readily in the bulk; thus, surface
Scheme 2 Indirect photochemical reaction mechanism for nonanoic a
acid). Scheme based on ref. 428.

800 | Environ. Sci.: Atmos., 2022, 2, 775–828
photochemistry is less pronounced.426 The pH effect provides
further conrmation that nonanoic acid is reacting at the gas–
liquid interface rather than in the bulk.

The reactions of nonanoic acid described so far have focused
on relatively simplemodel systems.When Stirchak et al.425 added
Suwannee River natural organic matter to nonanoic acid solu-
tions, they found a doubling in VOC yield from photochemical
reactions. Trueblood et al.427 further increased complexity by
using genuine marine dissolved organic matter (DOM) as
a photosensitizer for nonanoic acid. They collected water from
the Pacic Ocean along the California coastline, induced
a phytoplankton bloom, and then extracted the organic matter.
Marine DOM was less efficient than 4-BBA and humic acid as
cid in the presence of the photosensitizer 4-BBA (4-benzoylbenzoic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a photosensitizer, though Trueblood et al.427 did observe some
evidence that marine DOM underwent direct photolysis itself.
They correlated the efficacy of the photosensitizers with aroma-
ticity: the marine DOM was dominated by carboxylic-rich alicy-
clic molecules and was therefore much less efficient than 4-BBA,
an aromatic molecule. Accordingly, terrestrial-inuenced aerosol
may be more reactive than marine DOM because of the likely
presence of lignin, an aromatic species derived from plant cell
walls. However, the authors caution that the marine DOM used
in their work is not necessarily representative of all marine DOM.

In addition to photosensitizers, transition metal ions can
also facilitate photochemical reactions of fatty acids. Huang
et al.431 found that nonanoic acid reacts with Fe(III) at the air–
water interface through ligand-to-metal charge transfer and
subsequent decarboxylation:

RCOOH + [FeIII(OH)x]
+3�x /

[RCOO – FeIII(OH)x]
+2�x + H+ (R1)

[RCOO – FeIII(OH)x]
+2�x + hn / [RCOOc – FeII(OH)x]

+2�x(R2)

[RCOOc – FeII(OH)x]
+2�x / Rc + CO2 + [FeII(OH)x]

+2�x (R3)

Rc + H2O/O2 / / aldehydes, alkanes (R4)

The major gas-phase products detected were octanal and
octane. In comparison to photochemical reactions of pure
nonanoic acid (Scheme 1), the reactions involving Fe(III)
increase the ratio of saturated to unsaturated products from
10.2 to 31.5.431 Huang et al.431 showed that the Fe(III) reactions
are prevalent at the air–water interface because nonanoic acid
causes a surface enrichment of Fe(III) relative to the bulk,
presumably due to electrostatic attraction between nonanoate
anions and Fe3+ cations. Nonanoic acid also enriches the
surface concentrations of photosensitizers like 4-BBA and IC.428

These synergistic effects highlight the unique role of surface
species in the photochemistry of aerosol particles.

The interfacial photochemistry of short-to medium-chain
fatty acids is of particular interest because the reactions
release VOCs that can contribute to SOA formation in the
atmosphere. Reactions of nonanoic acid at the air–water inter-
face have been shown to initiate new particle formation and
growth when nonanoic acid is irradiated with and without
photosensitizers.432,433 Alpert et al.433 offered direct evidence for
new particle formation and growth aer exposing a basin of
nonanoic acid on an aqueous humic acid solution to UV light
and then oxidizing the resulting gas-phase products by ozone in
the dark. As shown in Fig. 19a, octanal is detected in the gas
phase during the period of irradiation. Once ozone is intro-
duced into the reaction chamber, the octanal signals decay, and
the number of particles in the chamber shoots up to�104 cm�3.
The classic banana-shaped plot in Fig. 19b is characteristic of
new particle formation events.434 Understanding SOA sources in
the atmosphere is important because aerosol particles
contribute to cloud formation, affect climate through radiative
forcing, and pose health risks to humans.
© 2022 The Author(s). Published by the Royal Society of Chemistry
7.1.2. Palmitic acid. As a benchmark surfactant, nonanoic
acid dominates laboratory studies of interfacial photochem-
istry. To the best of our knowledge, there has been only one
photochemical study of a longer-chain saturated fatty acid to
date: Shrestha et al.435 tested how light, humic acid, and salt
affect the stability of palmitic acid (C16) monolayers on water.
Using IRRAS with a Langmuir trough, they found that light from
a solar simulator disrupted the monolayer only when humic
acid was present. They proposed that triplet state humic acid
and O2 react with palmitic acid to form oxygenated species that
dissolved into the bulk. This mechanism is consistent with
Scheme 2 for photosensitized reactions of fatty acids.428 Shres-
tha et al.435 did not detect any gas-phase products from palmitic
acid, but their absence is unsurprising given that palmitic acid
is less volatile than nonanoic acid and that the surfactant
concentrations used in the palmitic acid experiments were
lower than in the nonanoic acid experiments.426,428,432,433 Thus,
photochemical reactions of long-chain saturated fatty acids are
unlikely to be signicant sources of VOCs to the atmosphere.

7.1.3. Oleic acid. Photochemical reactions of unsaturated
fatty acids are less important for the aging of atmospheric
aerosol particles than reactions of saturated fatty acids are. In
unsaturated acids, oxidation of the C]C bond by ozone is rapid
enough that photodegradation is a comparatively minor sink.
Nevertheless, artifacts from photochemical reactions may affect
laboratory studies of unsaturated fatty acids. Parmentier et al.436

present results for direct photodegradation of oleic acid drop-
lets in an optical trap. Reaction in the laser beam occurred via
dissolved O2 within the droplets. This nding poses
a cautionary warning to scientists using optical trapping of
unsaturated fatty acid particles.
7.2. Alcohols

Unlike fatty acids, fatty alcohols are not photochemically active
in the absence of a photosensitizer. For this reason, Lin et al.437

were surprised to observe reaction products from a lm of pure
nonanol.until they discovered that the lm was not, in fact,
pure. Contamination from nonanal allowed singlet oxygen to
form and react with nonanol, releasing nonanal and 1-heptene
into the gas phase. VOC production was also observed from
irradiation of octanol in the presence of the photosensitizers IC
and 4-BBA,438 and oligomers have been detected in the
condensed phase when hexanol and nonanol are irradiated in
the presence of a-keto acids.429 You et al.439 tested photo-
sensitized reactions of octanol in the presence of brown carbon.
They generated the brown carbon by mixing methylglyoxal with
ammonium sulfate or glycine and then evaporating the solu-
tion, resulting in species with imidazole ring structures that
acted similar to the well-known photosensitizer IC. Once the
brown carbon photosensitizers were excited to the triplet state,
they could abstract a hydrogen atom from octanol. The reaction
proceeded through further abstraction, disproportionation, or
oxidation in the presence of O2. Excited brown carbon could
also generate other reactive oxygen species like HOx, super-
oxide, and singlet oxygen. The photosensitized reactions
resulted in both unsaturated and functionalized products in the
Environ. Sci.: Atmos., 2022, 2, 775–828 | 801
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Fig. 19 (A) Concentrations of the gas-phase species (left axis) from photochemical reactions of a nonanoic acid film on an aqueous solution
containing humic acid. Signals were detected by selective reagent ion time-of-flight mass spectrometry with H3O

+ ionization. The blue dots
(right axis) indicate particle concentrations (Np) measured with an ultra-fine condensation particle counter (CPC). The yellow shading marks the
period of illumination, and the vertical black line marks the introduction of ozone to the reaction chamber. (B) Particle size distribution (dNp/
d log Dp) as a function of time after ozone injection. Dp refers to particle diameter. Reprinted from ref. 433 under a CC BY 4.0 License (https://
creativecommons.org/licenses/by/4.0/).
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condensed phase, with more highly oxygenated products
forming at longer times. The main products were octanal and
octanoic acid, but C16 dimers, heptanal, hexanal, heptanoic
acid, octenal, octenoic acid, pentene, heptane, and octene were
also detected. If some of the more volatile products escape into
the gas phase, they could contribute to SOA formation, as has
been observed for photochemical reaction products from non-
anoic acid.432,433 One important caveat is that the octanol/brown
carbon experiments439 were carried out with UVC radiation,
which is more energetic than the portion of the solar spectrum
that reaches the troposphere.
802 | Environ. Sci.: Atmos., 2022, 2, 775–828
7.3. Phospholipids

Photochemical reactions of phospholipids are of particular
interest in the marine atmosphere because they are commonly
found on SSA. Li et al.440 tested the photostability of two model
phospholipids, DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)
and DOPC (1,2-dioleoylsn-glycero-3-phosphocholine), at the air–
water interface. No signicant changes to the DSPC monolayer
were observed upon irradiation in the presence of photosensi-
tizers. In contrast, DOPC has two C]C bonds and was therefore
more reactive than DSPC. Aer irradiation with photosensitizers,
the DOPC monolayer became increasingly ordered, and changes
© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the IR spectrum indicated the possible formation of DOPC
hydroperoxide via a singlet oxygen pathway. A cartoon mecha-
nism is presented in Fig. 20. Collins et al.441 observed the similar
formation of oxygenated products when the lipid diacylglycerol
phosphatidylcholine was exposed to UV radiation in the presence
of docosahexaenoic acid as a photosensitizer. The work of Li
et al.440 is unique because they not only used traditional model
photosensitizers like IC and humic acid, they also used chamber-
made SOA and ambient PM2.5 (particular matter with diameter
<2.5 mm). SOA was generated from the photo-oxidation of limo-
nene in the presence of OH, NOx, and ammonium sulfate seed
particles. PM2.5 was collected in Jinan, China in January of 2016.
Similar results were obtained with these more complex photo-
sensitizers as has been observed with IC and humic acid. The Li
et al.440 study marks the rst time SOA and PM2.5 were tested as
photosensitizers for reactions of organic Langmuir lms.
7.4. Environmental samples

The photochemical studies described so far include photosen-
sitizers ranging in complexity from single-component surro-
gates to ambient samples, but all used model surfactant lms.
Here we will discuss two studies of direct photodegradation of
ambient samples. First, Ciuraru et al.426 irradiated a water
sample from the sea surface microlayer off the coast of Norway.
The results were actually quite similar to their observations
from the simple nonanoic acid system.426 As expected, saturated
aldehydes and ketones formed in the gas phase. The authors
were surprised to nd unsaturated, functionalized products
such as hexene, hexenal, heptadiene, and octadiene in the gas
phase because these species were previously assumed to come
only from biological sources in the marine environment.
Fig. 20 (a) Cartoon and (b) products of photochemical reactions
involving the lipid DOPC and photosensitizers (PS) at the air–water
interface. Reprinted from ref. 440 under a CC BY 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

© 2022 The Author(s). Published by the Royal Society of Chemistry
Brüggemann et al.334 specically focused on biolms as an
abiotic source of VOCs. They coated groundwater with biolms
harvested from cobbles in the River Morcille and Lake Annecy,
France. Oxo-fatty acids and other photosensitizers were present
in the aqueous phase, allowing VOCs to form through peroxy
radical pathways. More VOCs were detected in the gas phase
when microbes in the samples were dead, probably because cell
lysis released reactive surfactants. The authors observed new
particle formation events when they oxidized the gas-phase
products with ozone and OH.334 These results reinforce how
photochemical reactions of surface-active species affect SOA
formation and composition in the atmosphere.

7.5. Future needs

Photochemical reactions of benchmark surfactants like non-
anoic acid have been well characterized at atmospheric inter-
faces, but more work is needed on other representative species
and complex mixtures. In particular, many of the experiments
described here used intense UV radiation. More experimental
and theoretical studies are needed with radiation relevant to the
solar spectrum.

8. Ambient observations

The work described so far in this review has centered on labo-
ratory measurements and modeling studies applied to ambient
aerosol particles with surfactants, lms, and coatings. Now we
turn at last to eld measurements of coated particles in the
atmosphere. The ability to condently detect surfactants in
ambient aerosol particles constitutes the most signicant
advance in this area in the past decade.

8.1. Techniques for measuring surfactants in ambient
aerosols

Direct measurements identifying surfactants in ambient aero-
sols were limited until Nozière and coworkers442,443 developed
a double extraction method to isolate surfactants within
atmospheric aerosol particles while correcting for ionic inter-
ferents. Aerosol particles are collected on lters, which are rst
extracted in water. Then the water extracts are extracted
a second time with polydimethylsiloxane tubing, and nally
they are eluted with methanol. The silicon microextraction step
improves selectivity for surfactants.442 This analytical method,
shared as a video protocol in the Journal of Visualized Experi-
ments (JoVE),444 has been utilized in several notable studies of
surfactants in ambient aerosol particles.442,443,445–447 For
example, Gérard et al.443 coupled this targeted double extraction
method with colorimetric titration using three unique dyes to
determine the concentrations of anionic, cationic, and nonionic
surfactants in ambient coastal PM2.5 collected from a remote
island near Sweden in 2010, as summarized in Fig. 21. This
study represents the rst measurements of nonionic surfac-
tants, critical micelle concentrations, and surface tension
curves for ambient atmospheric surfactants.443 Their results
showed signicant surface tension depression via adsorption
isotherms and CMC determinations as well as a potential
Environ. Sci.: Atmos., 2022, 2, 775–828 | 803
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underestimation of over 30% for total surfactant concentration
in previous studies, with nonionic surfactants being especially
underestimated.443 Gérard and coworkers subsequently applied
their targeted extraction and colorimetric method to investigate
PM1 aerosol in an expanded eld scope with several urban,
rural, and coastal sites in Europe focusing on amphiphilic
surfactants.443,446 Various types of mass spectrometry,447–452

electrochemical methods,235,453 micro-Raman spectros-
copy,454,455 AFM,456 and TEM457 have also been employed to
characterize surfactants through both direct and indirect
methods. These techniques provide quantitative information
on ambient aerosol surfactants, which will enable improved
understanding of surfactants' inuence on particle activation
ability.
8.2. Coastal aerosols

Terrestrial organic matter can be transported long distances in
the atmosphere over the ocean, which creates a unique mixture
of terrestrial and marine aerosols in coastal environments.458

Surfactants have been identied in a variety of coastal
Fig. 21 Concentrations of anionic (blue with vertical lines), cationic
(solid red), and nonionic (green with diagonal lines) surfactants in (A)
aerosol particles and (B) ambient air sampled at a coastal site in
Sweden in summer/fall 2010, as measured by colorimetry. Reprinted
with permission from V. Gérard, B. Nozière, C. Baduel, L. Fine, A. A.
Frossard and R. C. Cohen, Anionic, Cationic, and Nonionic Surfactants
in Atmospheric Aerosols from the Baltic Coast at Askö, Sweden:
Implications for Cloud Droplet Activation, Environ. Sci. Technol., 2016,
50, 2974–2982. Copyright 2016 American Chemical Society.

804 | Environ. Sci.: Atmos., 2022, 2, 775–828
environments using the double extraction colorimetric titration
methodologies described above.444

In the coastal studies from the remote island near Sweden,
surfactants were attributed to biogenic origins based on corre-
lation with chlorophyll-a.443 In contrast, Mustaffa et al.459 and
Shaharom et al.460 investigated aerosol surfactants in a coastal
urban environment along the Malacca Straits near Malaysia
using a high volume air sampler at multiple coastal sites with
varying degrees of anthropogenic activity. In both Malaysian
studies, anionic and cationic surfactant concentrations were
determined via ion chromatography using the established
colorimetric methods, and source apportionment was investi-
gated using principal component analysis and multiple linear
regression. Mustaffa et al.459 studied both coarse mode aerosol
particles (aerodynamic diameter >1.5 mm) and ne mode aero-
sol particles (aerodynamic diameter <1.5 mm), while Shaharom
et al.460 focused exclusively on ne mode aerosols. Anthro-
pogenically derived surfactants were most prevalent in the ne
mode particles.459 Overall, anionic surfactants showed greater
concentrations than cationic surfactants, and surfactants were
primarily attributed to anthropogenic sources, with concentra-
tions highest near tourism and industrial sites.459,460 Both
studies also compared the northeast and southwest monsoon
seasons, noting increased surfactants in ne mode aerosol
particles during the southwest monsoon due to the association
with biomass burning activities.459,460 Anthropogenic surfac-
tants were identied from both terrestrial (e.g., biomass
burning) and marine aerosol sources, highlighting multiple
emission pathways for surfactants in coastal aerosol particles
and emphasizing the complexity of source apportionment in
coastal regions with concentrated anthropogenic activity. Sha-
harom et al.460 propose utilizing biomarkers or organic tracers
to improve source apportionment for future surfactant studies.

In comparison to colorimetry, mass spectrometry offers
more insight into the composition of surfactant-coated aerosol
particles. Burdette et al.447 used solid-phase extraction methods
coupled with mass spectrometry to determine the presence of
anionic, cationic, and nonionic surfactants in atmospheric
aerosol particles from Skidaway Island, GA. They observed
surfactant-like material in all three ionic classes: the organic
material showed surface tension depression of �18 mN m�1,
high H : C elemental ratios (>1.5), and low O : C ratios (<0.5)—
all dening characteristics of surfactants. Fig. 22 shows a plot of
H : C ratio vs. O : C ratio, known as a van Krevelen diagram,
comparing measurements from aerosol particle extracts with
those of surfactant standards.447 Both cationic and anionic
surfactant-like organics are present within the range of the
surfactant standards.

Kang et al.451 provided additional context on the complexity
of source apportionment for coastal aerosols with a 2014
research cruise in the East China Sea. The authors analyzed
total suspended particle samples via gas chromatograph-mass
spectrometry (GC-MS) and observed a variety of surfactants,
including phthalates, fatty acids, fatty alcohols, n-alkanes, and
polycyclic aromatic hydrocarbons (PAHs), and noted higher
daytime concentrations of surfactants, especially near coastal
areas with anthropogenic activity.451 These factors, combined
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Plot of H/C ratio vs.O/C ratio for organic extracts from aerosol
particles collected at Skidaway Island, Georgia in 2018. Diamond
markers show the corresponding ratios from assorted surfactant
standards. AOT (dioctyl sulfosuccinate sodium) and SDS (sodium
dodecyl sulfate) are anionic. CTAC (cetyltrimethylammonium chloride)
and Hyamine 1622 are cationic. Tergitol, TritonX, and mPEG (poly-
ethylene glycol methyl ether) are nonionic. Reprinted from Journal of
Environmental Sciences, 108, Tret C. Burdette, Amanda A. Frossard,
Characterization of seawater and aerosol particle surfactants using
solid phase extraction and mass spectrometry, 164–174, Copyright
2021, with permission from Elsevier.
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with tracer molecules, support anthropogenic sources,
including biomass burning and fossil fuel combustion, as the
main emission sources for East China Sea organic aerosols and
indicate the inuence of long-range transport of organic aerosol
particles containing surfactants.451
8.3. Marine aerosols

Sea spray aerosol particles are a form of primary aerosol formed
through wave breaking at the ocean surface that are known to
contain highly enriched amounts of organic material, including
surfactants, saccharides, alkanes, fatty acids, and even human
lung surfactants,461 relative to the surface ocean.289,462 Several of
the marine organic compound classes possess surface-active
characteristics, and biosurfactants are known to signicantly
depress surface tension in aerosols and increase cloud nucle-
ating efficiency.5,463 Given recent SSA reviews by Quinn et al.,5

Bertram et al.,289 and Schiffer et al.,464 we will focus primarily on
content published during or aer 2017.

8.3.1. Research cruise and ambient measurements.Marine
research cruises in the Arctic discovered surface-active biogenic
polymer gels in aerosol particles formed from bubble bursting
within open sea ice fractures (leads) in the high Arctic.452,454
© 2022 The Author(s). Published by the Royal Society of Chemistry
These gels were later identied as a minor component of
marine aerosol collected at a coastal observatory in Svalbard
within the European Arctic.465 Leck et al.452 compared samples
collected onboard a ship in the high Arctic during summer 2008
with samples generated experimentally in situ at an open lead
site to identify bubble bursting in open leads as the primary
source of polysaccharide polymer gels in Arctic aerosols. Simi-
larly, Kirpes et al.454 sampled SSA in summer 2014 and winter
2015 and identied the increased importance of wintertime
surfactants in Arctic SSA. In the winter, newly open sea ice
fractures were the dominant aerosol source and generated SSA
with thick coatings of marine saccharides, amino acids, and
fatty acids likely derived from biogenic sources such sea ice
algae and bacteria. During the summer, Kirpes et al.454 found
organic coatings were much thinner or not present at all at their
eld site, which had only open water nearby, further validating
the importance of leads in Arctic SSA production. Kirpes et al.454

also investigated single particle morphology and chemical
characterization of ambient winter SSA to observe organic
coatings and provide a unique single particle perspective
coupled with a eld study (see Fig. 23). These results also
highlight the need for the inclusion of sea ice lead SSA
production in Arctic atmospheric modeling, especially given the
rapidly changing nature of sea ice, including expansion of rst
year sea ice, which fractures more frequently and is predicted to
drive increased Arctic SSA emissions due to climate change.454

At the same time, anthropogenic inuences can affect
particle composition even in remote Arctic marine environ-
ments. Yu et al.466 sampled particles ranging from 100 nm to 2
mm in diameter at the Svalbard archipelago in late summer
2012. Analysis by an assortment of single-particle techniques,
including TEM/EDS, SEM, secondary ion mass spectrometry
(SIMS), and AFM, showed that 74% of non-sea-salt sulfate
particles had organic coatings, which contributed 63% of
particle volume on average.466 Approximately 20% of sulfate
particles had soot inclusions within the organic coating, further
highlighting anthropogenic inuences on marine aerosol
particles in the Arctic.

8.3.2. Model/laboratory sea spray aerosol. Surfactants in
SSA can be studied using systems that generate SSA in situ in the
open ocean, such as Sea Sweeps during a research cruise, or by
collecting seawater for SSA generation in a laboratory via a wave
ume, marine aerosol reference tank (MART), or bubble
bursting system.289 The method of particle generation can
inuence the physical and chemical properties of the resulting
SSA, complicating inter-method comparisons.5,467 Nevertheless,
signicant enrichment of surfactants in SSA relative to the
surface ocean is a well-established phenomenon that has been
observed across a variety of model SSA generation methods.

For example, Aller et al.468 collected size-fractionated aerosol
particles from ambient air and from freshly generated Sea
Sweep SSA in the western North Atlantic to characterize the
biogenic organic components of SSA. They found that poly-
saccharidic and proteinaceous gels, which can behave as
surface-active organics, were enriched in sub- and super-micron
SSA particles. Furthermore, Aller et al.468 found minimal conti-
nental inuence in the aerosol particles, based on backward
Environ. Sci.: Atmos., 2022, 2, 775–828 | 805
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Fig. 23 A suite of single-particle measurements of ambient Arctic sea spray aerosols. (a) SEM image of a representative particle with an organic
coating on a solid crystalline core, shown with a scale bar of 3 mm. (b) Corresponding elemental composition from energy dispersive X-ray
spectroscopy (EDX). The aluminum signal is due to the sample holder, and the silicon signal is due to the substrate. (c) Elemental composition
averaged across 773 SSA particles in the 0.32–0.56 mm diameter size range and 918 SSA particles in the 1.0–1.8 mm diameter size range, as
measured by computer-controlled SEM and EDX. (d) STXM-NEXAFS image showing the concentration of organic species at the surface of
representative SSA particles. The scale bar represents 5 mm. (e) The number distribution for organic volume fraction averaged across 150 SSA
particles, as measured by STXM-NEXAFS. Reprinted with permission from R. M. Kirpes, D. Bonanno, N. W. May, M. Fraund, A. J. Barget, R. C.
Moffet, A. P. Ault and K. A. Pratt, Wintertime Arctic Sea Spray Aerosol Composition Controlled by Sea Ice Lead Microbiology, ACS Cent. Sci., 2019,
5, 1760–1767, https://pubs.acs.org/doi/10.1021/acscentsci.9b00541. Further permissions related to the material excerpted should be directed
to the American Chemical Society.
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trajectory modeling, and gained insights into the transport of
marine biogenic material through primary particle emission, as
well as size-discriminated characterization of SSA and ambient
aerosol under eld conditions.

MART experiments have investigated the impacts of marine
bacteria on surface-active organics in laboratory SSA.291,469,470

Hasenecz et al.470 used a MART mesocosm experiment to
investigate the impact of heterotrophic bacteria on saccharide
enrichment in SSA and noted enrichment factor increases of 30-
fold for glucose and 20-fold for arabinose in the particles rela-
tive to bulk seawater. Similarly, Rastelli et al.471 generated SSA
via a bubble bursting system onboard a ship in the North-
eastern Atlantic Ocean in 2006 and found that SSA is highly
enriched in organic matter as compared to seawater – 1 400 00�
for lipids, 1 200 00� for proteins, and 1 000 00� for carbohy-
drates. Their bubble bursting system consisted of a vertical
recirculating water jet owing at 20 L min�1 in a 200 L tank.472

Cochran et al.473 also generated SSA via a sintered glass bubbler
and quantied the selective transfer of surface-active organics
from the solution to aerosol particles: they reported higher
806 | Environ. Sci.: Atmos., 2022, 2, 775–828
enrichment factors for more surface-active linear carboxylates
(55 � 8) vs. linear dicarboxylates (5 � 1). Frossard et al.474 later
generated laboratory SSA in a marine aerosol generator in the
western North Atlantic Ocean in 2016 at two biologically
productive and two oligotrophic sites. They were the rst to
directly pair surfactant observations in near-surface seawater,
deep seawater, and SSA and found that surfactants were present
in all sampled hydrographic regions and that surfactants are
highly enriched in SSA compared to seawater. Comparison of
surface tension isotherms revealed the preferential transfer of
relatively weaker surfactants to SSA, a nding which had not
previously been recorded.474

Another prominent technique used to investigate surfactants
in SSA is the wave ume experiments conducted by the Center
for Aerosol Impacts on Chemistry of the Environment (CAICE)
at Scripps Institute of Oceanography.475,476 Several CAICE
studies have investigated composition and morphology of SSA
containing surface-active organics produced in real seawater
with phytoplankton blooms.161,243,288,290,477 Ault et al.477 utilized
Raman spectroscopy and SFG to demonstrate the presence of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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organic matter concentrated at the surface of SSA particles
generated in a wave ume. Lee et al. investigated wave ume
SSA morphology and surface tension using AFM and SEM.161,243

They observed an inorganic core–organic shell morphology and
found organic enrichment during phytoplankton blooms,
leading to suppressed surface tension.243 Further morphological
investigations revealed size dependency and an increase in
organic mass fraction with decreasing particle size, where
smaller particles featured more prevalent inorganic core–
organic shell morphologies.161 Additionally, Cochran et al.288

characterized classes of organic compounds in SSA, including
fatty acids and polysaccharides, noting that changes in phyto-
plankton and heterotrophic bacteria populations coincided
with changes in SSA molecular composition, and emphasized
the diversity of molecular composition at the particle level.
Wang et al.290 note that organic enrichment depends on
a balance between phytoplankton production and bacterial
degradation, providing a framework for understanding why
chlorophyll-a has proven to be an inconsistent indicator for SSA
organic enrichment. See section 3.2 for additional discussion of
the morphology of SSA particles.
8.4. Terrestrial aerosols

8.4.1. Ambient measurements and source apportionment.
Direct observations and source apportionment studies of
surfactants in terrestrial ambient aerosol particles are limited,
but previous work demonstrates the ubiquity and signicance
of surfactants from both biogenic and anthropogenic sources in
terrestrial ambient aerosol particles as well as the importance of
seasonality in determining aerosol surfactant composition.
Miyazaki et al.450 were the rst group to identify and study
seasonal variations in secondary fatty alcohols, which can act as
surface-active organics, in ambient aerosol from two deciduous
forest sites in rural Japan. Over the course of a one-year eld
study, they observed pronounced seasonal trends in surfactant
concentrations, with increased emissions during the peak
growing season. The source of the surfactants was attributed to
plant waxes and primary biological aerosols based on positive
correlations with sucrose.450 Pérez Pastor et al.478 characterized
organic aerosol in rural Spain and observed peak emissions
during winter due to domestic combustion of olive waste with
contributions from SOA, lubricating oil, and soil organics.
Kroič et al.235 also observed the inuence of seasonality in
measured surfactant concentrations for size-segregated
ambient aerosol particles ranging from approximately PM0.1

to PM10 collected at an urban site in Slovenia. They found
maximum surfactant concentrations in the PM0.3–1 fraction
with slightly larger surfactant concentration maxima in the fall/
winter.

Baduel et al.442 applied their double extraction method with
PM10 eld samples from urban Grenoble, France to investigate
surfactants in aerosols. They observed pronounced seasonal
variation, with summer aerosol surfactants attributed primarily
to biogenic sources and giving surface tensionmeasurements of
approximately 30 mN m�1.442 Winter surfactants showed
stronger surface tension depression (35–45 mN m�1) and were
© 2022 The Author(s). Published by the Royal Society of Chemistry
attributed to two groups of anthropogenic surfactants, one
group of man-made surfactants similar to sodium dodecyl
sulfate, and a second group of surfactants from woodburning,
highlighting the importance of combustion-based surfactant
emissions during the winter, in agreement with previous
studies.442,479 Gérard et al. continued to apply their targeted
extraction and colorimetric method to investigate PM1 aerosol
in several urban, coastal, and remote regions of Europe
focusing on amphiphilic surfactants.443,446 Amphiphilic surfac-
tants were found to be present throughout the range of particle
sizes and are expected to enhance the cloud droplet activation
ability of submicrometer atmospheric particles.446

Frka et al.453 employed AC voltammetry to characterize and
quantify surfactants in aqueous extracts from atmospheric
aerosols in Europe including urban, rural, and coastal loca-
tions. An advantage of the electrochemical method is the ability
to directly analyze aerosol extracts with no sample concentra-
tion required. Observed surfactant concentrations were highest
for urban aerosols, and pH studies demonstrated the predom-
inantly anionic character of surfactants.453 Zeng et al.448 inves-
tigated industrial, stationary source PM2.5 emissions via a eld
study to gain insights into source proles and species-based
emission factors. Palmitic acid and stearic acid, known
surfactants, were the most abundant organic species in PM2.5

from industrial emissions (also commonly found in cooking
emissions). Their ndings showed large discrepancies with
results from previous studies that did not conduct eld
measurements, indicating the vital importance of eld research
to improve emission inventories.448

8.4.2. Ambient surfactants from cooking. Cooking related
organic aerosol (COA) from heating cooking oils and meat
cooking represents an important source of surfactants in both
primary and secondary organic aerosol, and signicant frac-
tions of surface-active fatty acid compounds such as palmitic,
stearic, and oleic acid have been observed in COA collected in
urban environments.480,481 In their 2013 review, Abdullahi et al.7

note that the central components of COA include dicarboxylic
acids, alkanones, alkanals, lactones, PAHs, sterols, and alkanes,
and that the aerosol composition is determined by the type of
food, cooking oil, cooking style, and temperature. Recent eld
studies of COA provide additional information about the types
of surfactants present in COA, as well as the ways in which COA
ages in the atmosphere. Zhao et al.449 investigated COA from
residential cooking in the exhaust vent of a nine-unit apartment
building in Guangzhou, China. They observed a factor of 4.4
increase in the total suspended particle mass during the dinner
cooking period. Fatty acids accounted for 75.7% of the total
mass of quantied organic compounds, demonstrating the
potential for surface-active species in aerosol cooking emissions
for Chinese-style cooking, while other cooking styles have been
shown to generate vastly different emissions.449 Wang et al.482

conducted hourly measurements of molecular markers for
urban primary organic aerosol measured in Shanghai, China in
November–December 2018 using thermal desorption aerosol
gas chromatography-mass spectrometry. Fatty acid compounds
peaked corresponding to periods of increased cooking activity
with higher ratios of oleic acid to stearic acid in the emission
Environ. Sci.: Atmos., 2022, 2, 775–828 | 807
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source prole than the ambient conditions, showing the aging
of COA emissions and supporting the possibility of oleic acid as
a model compound for studying heterogeneous reactions of
primary COA.482 Hourly measurements provide a unique plat-
form to observe dynamic changes and chemical evolution of the
aerosol emissions.
8.5. Future needs

Direct measurements of surfactants in ambient aerosol parti-
cles are still relatively rare because unambiguous evidence of
their presence must combine information about composition
with information about morphology at the single particle level.
As measurements advance, attention should be paid to
temporal trends in surfactant concentrations, both on
a seasonal basis and at higher-resolution time intervals,
because diagnostic surfactants can be useful as tracers for
source apportionment. Furthermore, as more eld campaigns
report surface tension, phase state, and composition of
surfactant-coated particles, we can begin to bridge the gap
between the behavior of complex samples from the eld and the
simplied model systems from laboratory experiments and
modeling work.
9. Outlook

The eld of atmospheric chemistry is said to be built on a three-
legged stool, where eld studies, laboratory studies, and
atmospheric modeling each represent one of the legs.411,412

However, there is growing recognition of the need to move
beyond the analogy of three separate legs to more closely inte-
grate feedback among the three traditional approaches.411–413

Such collaborative endeavors are certainly important for
advancing research on surfactant-coated aerosol particles.

The most important gap in our knowledge of atmospheric
surfactants is simply the scarcity of eld studies. We need more
ambient measurements in more environments spanning more
seasons. In addition to extended monitoring of long-term
trends, measurements at high-temporal resolution are also
needed to couple with emission inventories and source appor-
tionment. Recent developments in instrumentation55,82,113 and
sample preparation techniques444 are making novel eld
measurements possible.

In the laboratory, experimentalists and theoreticians are
working toward ever more complex systems—essentially
bringing the atmosphere into the laboratory. These lab studies
and simulations are uniquely poised to offer fundamental
insights into surfactant systems under controlled conditions.
Accordingly, work is needed to move beyond studies of tradi-
tional surfactants to new classes of surface-active agents, such
as PFAS,293 and to build layers of complexity into model systems.
Valuable insights into ambient aerosol can be obtained by
studying surfactant-coated particles generated under realistic
conditions, e.g., SSA from a wave ume during a phytoplankton
bloom,475 BBA from combustion of real fuels in an environ-
mental chamber,483 and SOA from oxidation of VOCs like a-
pinene and isoprene.13 Finally, the ways in which surfactants,
808 | Environ. Sci.: Atmos., 2022, 2, 775–828
lms, and coatings on bioaerosols affect disease transmission
(e.g., from the SARS-CoV-2 virus) remain a relatively unexplored
area of research.122,484

Both eld and laboratory studies feed into atmospheric
models to address the question: What level of detail about
particle phase and composition is needed to accurately repre-
sent climate and air quality? Because surfactants, lms, and
coatings affect particle morphology and phase state, they also
affect the ability of aerosol particles to scatter solar radiation
and their ability to act as CCN and INPs. The ideal model for
climate and air quality should capture these effects while
remaining as simple, elegant, and computationally inexpensive
as possible.485

Across all studies of surfactant-coated aerosol particles, the
greatest contributing factor toward advancing research has
been the development of instrumental techniques to allow
coordinated measurements of morphology and composition at
the single particle level. It is our hope that continued advances
in instrumentation will allow for more widespread character-
ization of surfactants in ambient aerosol, providing insight into
broad societal concerns like climate, air quality, and health.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge support from the College of Wooster.

References

1 P. S. Gill, T. E. Graedel and C. J. Weschler, Organic lms on
atmospheric aerosol particles, fog droplets, cloud droplets,
raindrops, and snowakes, Rev. Geophys. Space Phys., 1983,
21, 903–920.

2 D. J. Donaldson and V. Vaida, The Inuence of Organic
Films at the Air–Aqueous Boundary on Atmospheric
Processes, Chem. Rev., 2006, 106, 1445–1461.

3 V. F. McNeill, N. Sareen and A. N. Schwier, in Atmospheric
and Aerosol Chemistry, ed. V. F. McNeill and P. A. Ariya,
Springer, Berlin, Heidelberg, 2013, vol. 339, pp. 201–259.

4 B. Gantt and N. Meskhidze, The physical and chemical
characteristics of marine primary organic aerosol:
a review, Atmos. Chem. Phys., 2013, 13, 3979–3996.

5 P. K. Quinn, D. B. Collins, V. H. Grassian, K. A. Prather and
T. S. Bates, Chemistry and Related Properties of Freshly
Emitted Sea Spray Aerosol, Chem. Rev., 2015, 115, 4383–
4399.

6 P. Renard, I. Canet, M. Sancelme, M. Matulova,
I. Uhliarikova, B. Eyheraguibel, L. Nauton, J. Devemy,
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C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I.
Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R.
Matthews, T. K. Maycock, T. Watereld, O. Yelekçi, R. Yu
and B. Zhou, Cambridge University Press, 2021.

38 D. K. Farmer, C. D. Cappa and S. M. Kreidenweis,
Atmospheric Processes and Their Controlling Inuence
on Cloud Condensation Nuclei Activity, Chem. Rev., 2015,
115, 4199–4217.

39 M. Shrivastava, C. D. Cappa, J. Fan, A. H. Goldstein,
A. B. Guenther, J. L. Jimenez, C. Kuang, A. Laskin,
S. T. Martin, N. L. Ng, T. Petaja, J. R. Pierce, P. J. Rasch,
P. Roldin, J. H. Seinfeld, J. Shilling, J. N. Smith,
J. A. Thornton, R. Volkamer, J. Wang, D. R. Worsnop,
R. A. Zaveri, A. Zelenyuk and Q. Zhang, Recent advances
in understanding secondary organic aerosol: Implications
for global climate forcing, Rev. Geophys., 2017, 55, 509–559.

40 L. Nandy, Y. Yao, Z. Zheng and N. Riemer, Water uptake
and optical properties of mixed organic–inorganic
particles, Aerosol Sci. Technol., 2021, 55, 1398–1413.

41 D. A. Knopf, P. A. Alpert and B. Wang, The Role of Organic
Aerosol in Atmospheric Ice Nucleation: A Review, ACS Earth
Space Chem., 2018, 2, 168–202.

42 S. M. Burrows, C. S. McCluskey, G. Cornwell, I. Steinke,
K. Zhang, B. Zhao, M. Zawadowicz, A. Raman,
G. Kulkarni, S. China, A. Zelenyuk and P. J. DeMott,
Ice-Nucleating Particles That Impact Clouds and Climate:
Observational and Modeling Research Needs, Rev.
Geophys., 2022, 60, e2021RG000745.

43 C. E. Kolb, R. A. Cox, J. P. D. Abbatt, M. Ammann, E. J. Davis,
D. J. Donaldson, B. C. Garrett, C. George, P. T. Griffiths and
810 | Environ. Sci.: Atmos., 2022, 2, 775–828
D. R. Hanson, An overview of current issues in the uptake of
atmospheric trace gases by aerosols and clouds, Atmos.
Chem. Phys., 2010, 10, 10561–10605.

44 P. Davidovits, C. E. Kolb, L. R. Williams, J. T. Jayne and
D. R. Worsnop, Update 1 of: Mass Accommodation and
Chemical Reactions at Gas–Liquid Interfaces, Chem. Rev.,
2011, 111, PR76–PR109.

45 J. P. D. Abbatt, A. K. Y. Lee and J. A. Thornton, Quantifying
trace gas uptake to tropospheric aerosol: recent advances
and remaining challenges, Chem. Soc. Rev., 2012, 41,
6555–6581.

46 J. F. Davies and K. R. Wilson, in Physical Chemistry of Gas–
Liquid Interfaces, ed. J. A. Faust and J. E. House, Elsevier,
Amsterdam, 2018, vol. 2, pp. 403–433.

47 A. Rohr and J. McDonald, Health effects of carbon-
containing particulate matter: focus on sources and
recent research program results, Crit. Rev. Toxicol., 2016,
46, 97–137.

48 M. Shiraiwa, K. Ueda, A. Pozzer, G. Lammel, C. J. Kampf,
A. Fushimi, S. Enami, A. M. Arangio, J. Fröhlich-
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U. K. Krieger and U. Pöschl, Ozonolysis of Oleic Acid
Aerosol Revisited: Multiphase Chemical Kinetics and
Reaction Mechanisms, ACS Earth Space Chem., 2021, 5,
3313–3323.

317 A. Milsom, A. M. Squires, B. Woden, N. J. Terrill, A. D. Ward
and C. Pfrang, The persistence of a proxy for cooking
emissions in megacities: a kinetic study of the ozonolysis
of self-assembled lms by simultaneous small and wide
angle X-ray scattering (SAXS/WAXS) and Raman
microscopy, Faraday Discuss., 2021, 226, 364–381.

318 A. Milsom, A. M. Squires, J. A. Boswell, N. J. Terrill,
A. D. Ward and C. Pfrang, An organic crystalline state in
ageing atmospheric aerosol proxies: spatially resolved
structural changes in levitated fatty acid particles, Atmos.
Chem. Phys., 2021, 21, 15003–15021.

319 S. Zhou, B. C. H. Hwang, P. S. J. Lakey, A. Zuend,
J. P. D. Abbatt and M. Shiraiwa, Multiphase reactivity of
polycyclic aromatic hydrocarbons is driven by phase
separation and diffusion limitations, Proc. Natl. Acad. Sci.
U. S. A., 2019, 116, 11658–11663.

320 M. D. King, S. H. Jones, C. O. M. Lucas, K. C. Thompson,
A. R. Rennie, A. D. Ward, A. A. Marks, F. N. Fisher,
C. Pfrang, A. V. Hughes and R. A. Campbell, The reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/D2EM00002D
https://doi.org/10.1039/D2EM00002D
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00003b


Critical Review Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

az
ir

an
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

3.
03

.2
02

6 
00

:2
7:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of oleic acid monolayers with gas-phase ozone at the air
water interface: The effect of sub-phase viscosity, and
inert secondary components, Phys. Chem. Chem. Phys.,
2020, 22, 28032–28044.

321 M. D. King, A. R. Rennie, K. C. Thompson, F. N. Fisher,
C. C. Dong, R. K. Thomas, C. Pfrang and A. V. Hughes,
Oxidation of oleic acid at the air–water interface and its
potential effects on cloud critical supersaturations, Phys.
Chem. Chem. Phys., 2009, 11, 7699–7707.

322 L. J. Carpenter and P. D. Nightingale, Chemistry and
Release of Gases from the Surface Ocean, Chem. Rev.,
2015, 115, 4015–4034.

323 C. Pfrang, K. Rastogi, E. R. Cabrera-Martinez, A. M. Seddon,
C. Dicko, A. Labrador, T. S. Plivelic, N. Cowieson and
A. M. Squires, Complex three-dimensional self-assembly
in proxies for atmospheric aerosols, Nat. Commun., 2017,
8, 1724.

324 G. A. Novak and T. H. Bertram, Reactive VOC Production
from Photochemical and Heterogeneous Reactions
Occurring at the Air–Ocean Interface, Acc. Chem. Res.,
2020, 53, 1014–1023.

325 B. Woden, M. W. A. Skoda, A. Milsom, C. Gubb, A. Maestro,
J. Tellam and C. Pfrang, Ozonolysis of fatty acidmonolayers
at the air–water interface: organic lms may persist at the
surface of atmospheric aerosols, Atmos. Chem. Phys.,
2021, 21, 1325–1340.

326 S. Enami and A. J. Colussi, Reactions of Criegee
Intermediates with Alcohols at Air–Aqueous Interfaces, J.
Phys. Chem. A, 2017, 121, 5175–5182.

327 S. Enami and A. J. Colussi, Efficient scavenging of Criegee
intermediates on water by surface-active cis-pinonic acid,
Phys. Chem. Chem. Phys., 2017, 19, 17044–17051.

328 S. Enami, M. R. Hoffmann and A. J. Colussi, Criegee
Intermediates React with Levoglucosan on Water, J. Phys.
Chem. Lett., 2017, 8, 3888–3894.

329 S. Enami and A. J. Colussi, Criegee Chemistry on Aqueous
Organic Surfaces, J. Phys. Chem. Lett., 2017, 8, 1615–1623.

330 J. Qiu, S. Ishizuka, K. Tonokura, K. Sato, S. Inomata and
S. Enami, Effects of pH on Interfacial Ozonolysis of a-
Terpineol, J. Phys. Chem. A, 2019, 123, 7148–7155.

331 R. Criegee, Mechanism of Ozonolysis, Angew. Chem., Int.
Ed., 1975, 14, 745–752.

332 Z. Hassan, M. Stahlberger, N. Rosenbaum and S. Bräse,
Criegee Intermediates Beyond Ozonolysis: Synthetic and
Mechanistic Insights, Angew. Chem., Int. Ed., 2021, 60,
15138–15152.

333 S. R. Schneider, D. B. Collins, C. Y. Lim, L. Zhu and
J. P. D. Abbatt, Formation of Secondary Organic Aerosol
from the Heterogeneous Oxidation by Ozone of
a Phytoplankton Culture, ACS Earth Space Chem., 2019, 3,
2298–2306.
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