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sulfur dioxide remove films of
atmosphere-extracted organic material from the
aqueous aerosol air–water interface?†

Edward J. Stuckey, ab Rebecca J. L. Welbourn, b Stephanie H. Jones, c

Alexander J. Armstrong, b Matthew Wilkinson, d James I. L. Morison d

and Martin D. King *a

The reaction of gas-phase SO2 with unsaturated carbon–carbon double bonds forms organosulfates at the

surface of the aerosol. Previous studies have focused on the reaction products and not the fate of organic

films in the atmosphere. Neutron reflectometry was used to study the interaction of gas-phase SO2 at the

air–water interface with organic material extracted from atmospheric particulate matter and pure proxy

chemicals to determine whether the reaction of organic films with SO2 removes the film and if a product

film is formed. Films formed from atmospheric aerosol collected in urban and woodland environments

typically produced a layer of approximately 0.6 nm thickness, whereas a thick (>40 nm) film was formed

by the woodsmoke sample. Fitting of this thicker woodsmoke film suggested a three-layered structure at

the interface that has been interpreted to be consistent with a surfactant-rich layer next to the air–water

interface, a mid-layer rich in polyaromatic hydrocarbons (PAH), and topped with a more aliphatic region.

The multilayer structure of atmospheric extracted material at the air–water interface is potentially an

exciting result that requires further study. Gas-phase SO2 was confirmed to react with pure insoluble

surfactant molecules at the air–water interface that contained carbon–carbon double bonds (oleic acid)

and did not react with a similar saturated surfactant (stearic acid). No reaction was observed during the

interaction of SO2 and atmospheric material extracted from urban and woodland environments, and no

material appeared to be removed from the interface; however, films made from woodsmoke-extracted

material did appear to be altered by SO2 but there was no significant loss of material. In addition, the

gas-phase ozone mixing ratios in the neutron blockhouse, which have historically been of some concern

for reactions with organics, were found to be of the order 15 ppb, with no evidence of additional

production in the neutron beam-path. Owing to a lack of substantial removal of material from real

atmospheric extracted films, SO2 is not considered atmospherically significant for the removal of organic

films from the air–water interface.
Environmental signicance

The environmental signicance of this work is that gas-phase sulfur dioxide, with concentrations in the order of extreme conditions on our atmosphere, may
alter but does not remove lms formed of atmosphere-extracted material from the air–water interface. An additional nding of this work is that atmosphere-
extracted material from woodsmoke may formmulti-layered structures at the air–water interface. One portion of the multi-layered structure can be attributed to
PAHs, and this layer appears to be altered by exposure to SO2.
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1 Introduction

The Earth's climate is inuenced by atmospheric aerosols
directly, through their ability to scatter and absorb light, and
indirectly by their role as cloud condensation nuclei.1–3 The
potential for aerosol to inuence the climate is dictated in part by
their chemical, optical and physical properties1–11 which are
varied by factors such as source, environment, diurnal and
seasonal variations,6,12–23 and chemical reactions e.g.,
oxidation.2,6,7,9,24–33 Owing to their importance in the atmosphere,
Environ. Sci.: Atmos., 2024, 4, 1309–1321 | 1309
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aerosols have long remained a critical topic of atmospheric
research; however, despite developments in understanding of
the inuence of atmospheric aerosol particles on the climate,
uncertainties in their direct and indirect contributions to the
radiative balance of the climate remain signicant.2,34 Uncer-
tainties in aerosol effects on the atmosphere come in part from
variation of physical and chemical properties of aerosols between
sources, environments and with time, as well as their highly
complex chemical composition which makes denitive charac-
terization difficult.

The capability of an aerosol particle to affect the atmosphere
can be altered by the presence of organic molecules on the
particulate surface, which can result in the formation of a thin
lm of between a few Angstroms and up to hundreds of nano-
meters in thickness.26–32,35–42 These lm-coated particulates may
be considered to have core–shell morphology.43–45 The organic
lm may alter the light scattering and absorption of the aerosol
particle,7,9,31,36 and also its potential to act as a cloud conden-
sation nucleus.30,35,40,46 These lms are typically formed from
a combination of lipids,32,47 fatty acids28,30,31,41,48–56 and biomass
burning products5,27,45,57 and are subject to chemical oxidation
and cloud processing.26,27,29,30,32,35,53,58–62 The accumulation of
organic lms at the surface of an atmospheric particle, and
their subsequent oxidation by atmospheric oxidants such as OH
and NO3 radicals, O3, and SO2, will result in dynamic changes to
the hygroscopic and optical properties of a particle throughout
its lifetime.6,7,26,29,31,32,35–37,39,40,59,63–65 By considering the lifetime
of aerosol organic lms or lm components, relative to the
physical lifetime of the host particulate in the atmosphere, it is
possible to determine the signicance of lm oxidation. If
organic lm lifetimes from oxidation are signicantly shorter or
longer than the physical lifetime of aerosol particulates then the
aerosol may be considered to be constantly uncoated or coated
within atmospheric models. If the organic lm lifetime is
comparable to that of the aerosol, or some material remains at
the interface post-oxidation, then both the kinetics and light
scattering inuence of the product lm will need to be
considered in atmospheric models.

The reaction of gaseous sulfur dioxide with organics has
been proposed to be atmospherically signicant owing to its
ability to react with atmospherically relevant organics to form
organosulfates66–70. Previous studies on organic-SO2 reactions
are limited, however, they include: measuring the formation of
organosulfates through the reaction of SO2 and unsaturated
fatty acids and alkenes in a ow tube with diffuse reectance
infrared Fourier transform spectroscopy; Ultra-High-
Performance Liquid Chromatography coupled with High-
Resolution Mass Spectrometry and a Switchable Reagent Ion
Time-of-Flight Mass Spectrometer;66,67 the reaction of SO2 and
intermediates of monoterpene ozonolysis with varying
humidity observed using electrospray mass spectrometry;68 and
the production of organosulfates from the reaction of fatty acids
in ambient particulate matter (PM2.5) extracted from southern
China.71 These previous studies focused on the characterization
of the products of organosulfate formation but did not consider
whether the organic material remains surface active throughout
the reaction with gas-phase SO2. The objective of the work
1310 | Environ. Sci.: Atmos., 2024, 4, 1309–1321
herein is to determine whether organic lms consisting of proxy
(pure chemical) and atmospheric extracted material remain at
the air–water interface of a particle is when it is exposed to gas-
phase SO2.

Organic lms have previously been measured at the air–
water interface as a proxy for atmospheric processes by a variety
of techniques, e.g. surface tension,72–74 Fourier Transform
Infrared spectroscopy (FTIR),72–75 mass spectrometry,69,76 Brew-
ster angle microscopy,77 and X-ray26,42,78 and neutron scattering
techniques.26–31,37,61,62,79–83 The current investigation imple-
mented specular neutron reectometry owing to its ability to
make real-time, non-destructive measurements of the structure
of thin lms at the air water interface with Ångström resolution
normal to the plane of the interface. Neutron reectometry was
used to determine the thickness of a lm and the amount of
material at the interface throughout its reaction as performed
previously by the authors herein.26–31

Films of organic material spread on a water surface can be
used to mimic aerosol organic lms.26–31,41,55,61,62,84 Organic lms
have been shown to partially decay when exposed to varying
atmospherically relevant oxidants, leaving some or no material
at the interface.26–31 The changes of the organic lm in the
presence of an oxidant allows the lifetime of the organic lm to
be determined,26,27,29,31–33,85 which is a measurable analogue for
atmospheric reactions. Investigations are typically performed
using atmospheric proxies such as oleic acid and stearic acid,
the reactions of which have been observed with
O3,26,31,41,54,55,75,79,86–92 OH27,64,70,85,93–99 and nitrate
radicals.28,57,61,62,64,88,100–104 Oleic acid is commonly used as an
atmospheric proxy material owing to its prevalence in the
atmosphere as an organic molecule with a single unsaturated
carbon–carbon double bond, while stearic acid provides
a similar saturated counterpart.31 However, in order to provide
a more realistic representation of atmospheric processes, water-
insoluble organic matter extracted from the atmosphere of
characteristic regions of urban, woodland, and woodsmoke
environments have been used within this work, analogous to
prior work by some of the authors.6,13,26,27

The current study investigated the stability of organic lms
at the air water interface when exposed to SO2 using neutron
reectometry. The signicance of SO2 as an oxidant in the
atmosphere can be inferred by determining if there is a change
in the morphology and presence of organic lms aer their
reaction with SO2. Films were also exposed to other atmo-
spherically relevant gases for comparison. Films of extracted
atmospheric organic matter were studied as well as the
commonly studied atmospheric proxies: oleic and stearic acid.
By comparing real and proxy lms exposed to SO2, conclusions
may be drawn with greater condence as to the relevance of any
observed reactions with atmospheric proxies, and hence
regarding the signicance of SO2 in the atmosphere.

2 Methods
2.1 Sample extraction and preparation

Atmospheric material was extracted from two different envi-
ronments dened as ‘urban’ and ‘woodland’, and one direct
© 2024 The Author(s). Published by the Royal Society of Chemistry
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source which is dened as ‘woodsmoke’. Urban aerosol was
collected in sampling periods of ∼30 days over the months of
September, October and November on a rooop at a height of
∼15 m at the campus of Royal Holloway, University of London,
which is in close proximity to three major motorways, an
international airport, and the city of London. Owing to the
proximity of the sampling site to these major sources of
pollutants, this sample was deemed ‘urban’. Woodland aerosol
was collected over sampling periods of ∼30 days in the months
of April and May. The sampling site was at a height of ∼24 m
above the canopy of the Straits Enclosure of the Alice Holt
Forest, Hampshire, UK, which is a predominantly oak wood-
land. Woodsmoke aerosol was collected from the chimney of
a domestic woodburner in which seasoned Weymouth pine
(Pinus strobus) was burned over a period of 6 hours and aerosol
from the smoke was collected during the main burn.

Urban and woodland atmospheric particulate material was
collected using an air pump at a ow rate of 30 L min−1. Air was
pulled through a stainless-steel pipe (10 cm × 1/4” OD) into
a lter holder under ambient temperature and pressure. Quartz
lters (47 mm, Whatman) were pre-combusted in a furnace at
550 °C for 4 hours and were encased in Peruoroalkoxy (PFA)
Savillex lter holders for the urban samples and aluminum
lter holders for the woodland and woodsmoke samples. The
aluminum lter holders were fabricated at Royal Holloway,
University of London. The glassware used in atmospheric
material extraction was cleaned multiple times using a combi-
nation of ultrapure water (>18 MU cm) and chloroform (Sigma-
Aldrich, 0.5–1% ethanol as stabilizer) and constructed and
deconstructed in a clean glove bag or laminar air ow hood. The
lter samples were stored in the dark at −18 °C in glass Petri
dishes wrapped in aluminum foil and a sealed plastic bag until
extraction.

In order to isolate the water-insoluble portion of the sample,
the lter was shaken vigorously in a conical ask in a 1 : 1
solution of water : chloroform. The solution was then ltered
through a further quartz lter to remove remnants of the orig-
inal lter. The glassware and lter remnants were rinsed three
times further with water and chloroform. The chloroform
portion contained water-insoluble surfactant material which
was used to form a thin lm at the air–water interface. Glass-
ware was rinsed with ultrapure water and chloroform. A sepa-
rating funnel was used to separate the chloroform solution,
which was then evaporated under nitrogen and blown down,
producing a waxy or oily residue (sample origin dependent) and
this was dissolved in 2 ml of chloroform. These solutions were
stored in the dark in amber glass bottles at −18 °C until their
measurement using neutron reectometry. The atmospheric
proxies were used in a deuterated form to provide additional
neutron contrast and increased reectivity. The samples
extracted from the atmosphere are a very complex mixture of
chemicals and are likely to be more representative of typical
organic material in the atmospheric aerosol than a single proxy
chemical, however, these atmospheric samples could not
possibly span all possible organic molecules in the atmosphere
and are merely indicative of the environments they were
extracted from.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The deuterated atmospheric proxy materials d17-oleic and
d35-stearic acids were purchased from Sigma Aldrich and were
used without further purication aer being dissolved in
ultrapure chloroform.
2.2 Neutron reectometry & data analysis

Neutron reectometry is a non-destructive technique that can
provide structural information normal to the plane of an
interface.37,105,106 The penetrative capabilities and Ångström
resolution of neutron reection techniques enable it to be used
to measure changes to the thickness and scattering length
density of an interfacial organic lm throughout its oxidation as
a function of time.

Neutron reectometry measures the specular reected
intensity, I, of a collimated beam of neutrons, which is then
normalized by the incident neutron beam, I0, to give reectivity,
I
I0

¼ R: Typically, neutron reectivity, R, is presented as a func-

tion of momentum transfer, Q,105 known henceforth as the

reectivity prole, where Q ¼ 4p sinðqÞ
l

; l is the neutron

wavelength and q is the angle of incidence. The applications
and foundational theory of neutron reectometry are described
elsewhere.37,79,82,84,106,107 The instrument used in this experiment,
INTER, is a multi-wavelength instrument with a wavelength
range of 1.7–17 Å, which can elucidate detailed structural
information in real time.79,107–109 Incident angles, q, of 0.8° and
2.3° were used for the initial measurement of the highly scat-
tering samples providing a total Q-range of 0.01–0.3 Å−1 and an
angle of 0.8° was maintained for monitoring the samples
throughout their exposure to gases.

Changes to the intensity of specularly reected neutrons
arise from the variation in the scattering length density, r, the
scattering length per unit volume, between matter in the
direction perpendicular to the interface (material specic
property). The reectivity prole is also affected by the thick-
ness, d, of each medium the neutrons pass through. Owing to
the differences in scattering length between hydrogen and
deuterium, substitutions between these isotopes can be
implemented to alter the scattering length density of a sample
or bulk material in order to hide or highlight information from
part of the sample in the reectivity prole – this is a method
known as contrast matching.82,106,110 Contrast matching was
applied in this work to remove the scattering contributions
from water by matching the scattering length density of the
water below the lm to that of air (zero scattering length
density) above it.

To obtain structural information, a model must be tted to
the reectivity prole. A model of scattering length density
versus distance through the lm, normal to the interface,
(scattering length density prole) is optimized within
constraints to reproduce the measured reectivity prole. These
models are typically composed of a layered structure between
two innitely thick bulk materials, with each layer being
described by a series of properties: thickness, scattering length
density and inter-layer roughness, all of which contribute to the
Environ. Sci.: Atmos., 2024, 4, 1309–1321 | 1311
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sample's reectivity.37,111 In the work herein the innitely thick
layers are air and air-contrast-matched water either side of the
lm. The reectometry tting package refnx,111 was used in this
work which uses the Abelès method to reproduce reectivity.36

Themodel was described by a single layer between two innitely
thick layers except for woodsmoke, where a single layer was
found to be insufficient to reproduce the reectivity prole and
a multi-layered structure was used. The initial parameterization
of the samples was predominantly determined from previous
literature,13,31,112,113 except for the woodland sample which was
estimated based on values of lm thickness and scattering
length density for atmospheric extracted material observed by
Shepherd et al.27 owing to a lack of previous measurements.
Interfacial and lm roughness, neutron background, lm
thickness and scattering length densities of the lms were
varied using a combination of Markov Chain Monte Carlo
analysis (MCMC)114,115 and nested sampling116 within refnx for
each sample, within pre-dened ranges based on reasonable
physical limitations.

During the oxidation reaction, the precise atomic composi-
tion of the layer cannot be known so the scattering length
density cannot be directly calculated. However, for these
systems the scattering length density and thickness parameters
are correlated so the product of scattering length density and
thickness, rd, may be followed as a relative measure of the
amount of material at the air–water interface. The product, rd,
is the scattering length per unit area, and is taken as a proxy for
surface excess, G, or the amount of scattering material at the
interface, which has previously been used as a kinetic variable

i.e.
rdt

rdt¼0
:31 For a thin lm between two bulk media of scattering

length density zero, changes in reectivity, and therefore in the
Table 1 Details of films studied and analyzed including a comparison of
proxy atmospheric organic material with literature. These values were
Markov Chain and nested sampling fitting in the refnx package.111 Thi
observed in wider literature, with the exception of woodsmoke which w

Pre gas exposure characterisation

Material

Film thickness/Å2 Scatterin

This work Other works This wor

Urban 6.4* 3.6–10.2 (ref. 27) 1.2*
Urban 6.3* 3.6–10.2 (ref. 27) 1.3*
Woodsmokec 153þ11

�56 21:3
þ71
�5:753:6

þ9
�8 18.6 � 0.5 (ref. 27) 0:17þ0:7

�0:0 3
Woodsmokec 139þ26

�89 28:6
þ53
�10 86:9

þ73
�17 18.6 � 0.5 (ref. 27) 0:34þ0:2

�0:1 3
Woodland 6.4* — 1.0*
d17-oleic 18.3 � 0.5 20 (ref. 31) 3.30 � 0
d17-oleic 18.6 � 0.8 20 (ref. 31) 3.30 � 0
d17-oleic 19.5 � 0.5 20 (ref. 31) 3.28 � 0
d17-oleic 17.7 � 0.6 20 (ref. 31) 3.29 � 0
d35-stearic 19.3 � 0.4 21 (ref. 113) 6.0 � 0.1

a Gas suspended in air. b Produced in situ using a UV lamp. c A 3 layered
density prole, discussed at length in 3.3. Values for thickness and SLD
structure and shown in the order: a hydrocarbon or alkane/alkene la
surfactants. d Estimated using NIST scattering length density calculato
reectivity and very high correlation between SLD & thickness for thin, lo

1312 | Environ. Sci.: Atmos., 2024, 4, 1309–1321
intensity of the reected beam, can be used as a measure of the
change in the amount of material at the interface owing to the
proportional relationship between the square root of neutron

reectivity intensity,
ffiffi
I

p
; and the surface excess at a given point

in momentum transfer. The quantity

Ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðQÞt
IðQÞt¼0

s
is used as the

kinetic variable as this is the most direct, relevant data we are
able to extract from reectivity measurements. Henceforth this
method is referred to as the ‘total counts method’. The ESI† has
further details, including a comparison of this relationship to
more usual data-tting methods. The work herein utilizes this
approach to determine changes in the lm on exposure to
different atmospheric gases, including oxidants, with time,
using the neutron reectometry instrument INTER, at the ISIS
neutron and muon source, UK.
2.3 Experimental set up

A polytetrauoroethylene (PTFE) Langmuir trough (240 × 75 ×

40mm) was housed within a Tedlar gas bag with a 6.4 L capacity
and aluminum foil windows for the neutron beam-path. Gases
were transported through quarter inch PTFE tubing with
stainless steel ttings. The trough was initially cleaned using
hexane, toluene, chloroform and ultrapure water, and subse-
quently with chloroform and ultrapure water between samples.
The water-insoluble surfactants (listed in Table 1) were dis-
solved in chloroform in concentrations of 1 mg ml−1 for oleic
and stearic acid and unknown concentrations for the atmo-
spheric extracts. These solutions were spread onto air contrast
matched water (91.9%/8.1% H2O/D2O v/v) using a microliter
syringe to produce a surface pressure of ∼15 mNm−1, based on
prior measurements in the same trough using a surface
the initial thickness and neutron scattering length densities of real and
obtained from fitting neutron reflectometry data using Monte Carlo
ckness and scattering length densities observed are similar to those
as deposited as a thick multi-layered film

Exposure conditions

g length density/10−6 Å−2

Gas Mixing ratiok Other works

0.68–0.89 (ref. 27) SO2 in air 450 ppba

0.68–0.89 (ref. 27) Zero air 80/20% O2/N2

:63þ0:5
�0:6 0:58

þ0:2
�0:4 1.72 � 0.05 (ref. 27) SO2 in air 450 ppba

:10þ0:8
�1:4 0:66

þ0:4
�0:4 1.72 � 0.05 (ref. 27) Zero air 80/20% O2/N2

— SO2 in air 450 ppba

.09 3.3d SO2 in air 450 ppba

.13 3.3d Zero air 80/20% O2/N2

.08 3.3d N2 99.999%

.11 3.3d O3 in O2 400–450 ppba,b

0 6.4d SO2 in air 450 ppba

structure was required to t the woodsmoke data to a scattering length
calculated from this work are of each component of the three layered
yer, a layer of polycyclic aromatic hydrocarbons, and a layer alkyl
r *error not reported for urban and woodland samples due to small
w scattering lms.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tensiometer. Detailed experimental and theoretical consider-
ation of spreading insoluble surfactants at an air–water inter-
face can be found in Davies and Rideal.117 Gases (zero air,
nitrogen, ozone, and sulfur dioxide, the composition of which
are summarized in Table 1) were owed through the Tedlar bag
at 0.3 L min−1 to provide an atmosphere of the desired gas with

a typical mixing time in the chamber of
6:4 L

0:3 L min�1 ¼ 1280 s:

Gases (zero air, nitrogen, oxygen and sulfur dioxide) were
sourced from Air-Liquide and used without further purication.
Ozone was produced using a commercial ozonizer (UVP Ltd)
through the photolysis of O2 (continuous ow of 0.3 L min−1) in
a quartz glass tube using a mercury pen-ray lamp. The mixing
ratio of the ozone produced was measured in ppb using
a ThermoScientic ozone analyzer, Model 49i. The chamber was
purged with nitrogen between samples. All measurements were
carried out in the dark at an ambient temperature of ∼20 °C.
The reaction described here was studied in the dark. The
reactions of sulfur dioxide in the presence of light may be faster
owing to promotion to a triplet state and further information is
contained in Passananti et al.66 Further investigation of the
effect of light on the reaction presented here is beyond the
scope of this work. Owing to the reaction being measured at the
air water interface, there is an abundance of liquid water
present in the chamber and the conditions near the interface
are representative of a humid environment. The temperature of
all the experiments was maintained at 20 °C. The humidity was
not controlled but was kept constant. All incoming gas ows
were dry and approximately 75ml of water was added to the area
surrounding the trough to minimise evaporation. The relative
humidity a few nanometres over the trough was assumed to be
>95%. The gas ow rate was 0.3 L min−1 and not varied. The
mixing time in the gas volume above the trough was ∼1300
seconds (i.e. very small compared to the total time of the reac-
tion experiment).
2.4 Background ozone monitoring

Surface active organic lms with unsaturated carbon–carbon
double bonds are sensitive to reactions with gas-phase ozone.
Debate about background generation of ozone within the beam-
path at neutron spallation sources has been a concern for
experiments involving unsaturated organic lms which are
sensitive to oxidation for some time. Therefore measurements
of ozone mixing ratios were performed using a Thermo-
Scientic ozone analyzer, Model 49i, to monitor ozone mixing
ratios within the experimental area. The ozone analyzer was
calibrated to zero with N2 gas. Measurements were sampled
from both outside and inside the blockhouse that shields users
from neutron radiation and inside the Tedlar bag at the point of
neutron measurement with N2 or O2 owing at 0.3 L min−1 (i.e.
contained volume within the beam-path). The results showed
mixing ratios of 18 ppb, 12 ppb, 15 ppb and 0 ppb outside the
blockhouse, inside the blockhouse and in the Tedlar bag (direct
beam-path) for O2 and N2 respectively. These mixing ratios of
ozone were similar to mean concentrations of ozone observed
in indoor environments in the UK (∼5 ppb),53 thus while low
© 2024 The Author(s). Published by the Royal Society of Chemistry
mixing ratios of ozone were observed this is not considered
signicant in the reaction with organic thin lms on the time-
scale of this work and suggests ozone production within the
beam path is not a signicant issue for neutron reectometry
measurements.

2.5 Infrared absorption of product lms

To provide additional information on any reaction products
between an organic lm and gas-phase SO2, infrared absorption
measurements were carried out on the product lm from the
exposure of oleic acid to SO2 for 2 hours. All measurements were
taken using a Nicolet iS50 FTIR Spectrometer. The surface-
active products from this reaction were collected from the air–
water interface and extracted by adding 5 ml of chloroform to
the solution. The surface extract solution of chloroform and
water was well-mixed and the chloroform component was
separated using a separating funnel. The reaction of oleic
monolayers with SO2 and extraction of product lms was
repeated ve times and the products were combined to produce
one sample. Excess chloroform was removed from the
combined solutions by gently blowing nitrogen over the new
solution until only 5 ml remained. A drop of this solution was
added to a CaF2 window, evaporated under nitrogen, and sub-
jected to FTIR analyses concentrating on the C]C–H stretch
region visible at ∼3004 cm−1.

3 Results & discussion

The thickness and scattering length densities obtained via
neutron reectometry of organic lms at the air–water interface
consisting of proxy and atmospheric extracted material will be
presented, discussed and compared with existing literature.
Changes to the organic lms when exposed to zero air, nitrogen,
ozone, and sulfur dioxide over long periods of time will then be
considered. Lastly, the structure and oxidation of the lm
formed from the woodsmoke extract will be presented and
discussed separately.

The thickness of lms and their scattering length densities
from reproduced neutron reection proles are summarized in
Table 1, and typical pre-reaction reectivity proles are presented
in Fig. 1. Note that all the samples show notable reectivity
compared to a null measurement of a blank interface of air-
contrast matched water and air. While the signal from deuter-
ated proxies and woodsmoke lms are much higher in reec-
tivity, lms of weakly scattering, undeuterated atmospheric
extract have been shown to be observable using neutron reec-
tometry as demonstrated here and previously by Shepherd et al.27

3.1 Film properties – scattering length density and thickness

3.1.1 Atmospheric proxies. The deuterated atmospheric
proxy lms at the air–water interface were all found to have
initial thicknesses similar to observations made in previous
studies (Table 1). Multiple depositions of lms of d17-oleic acid
revealed a range of thicknesses between 17.5–19.5 Å and a single
deposition of d35-stearic acid was found to be 19.3 Å in thick-
ness. The neutron reectivity proles of the initial oleic acid
Environ. Sci.: Atmos., 2024, 4, 1309–1321 | 1313
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Fig. 1 Neutron reflectivity profiles (points) and the ‘best fits’ (lines) of organic films formed from deuterated atmospheric proxy and real
atmospheric material at the interface of air and air-contrast matched water. Films were measured under 0.3 L min−1 zero air flow from a cylinder
in a gas-tight environment.
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and stearic acid lms were reproduced by treating the head and
tail of the molecules as separate layers, restricting the scattering
length to be a calculated value and allowing the component
thicknesses and total area per molecule of the lm to vary. The
total oleic acid and stearic acid lm thicknesses were 16.5 Å and
20.5 Å respectively, with the total area per molecule for the
initial lms approximately 31 Å2 each. The reported values for
area per molecule are similar to monolayers deposited previ-
ously, which showed a monolayer of oleic acid and stearic acid
may have an area per molecule of ∼20–40 Å2.61,62 The scattering
length densities of deuterated organic proxy lms at the air–
water interface were also similar to published or calculated
values. The scattering length density of multiple depositions of
d17-oleic were found to be approximately 3.3 × 10−6 Å−2 and
the single deposition of d35-stearic acid had a scattering length
density of 6.0 × 10−6 Å−2 which compares closely to the ex-
pected values of 3.3 and 6.4 × 10−6 Å−2 calculated from
literature.

3.1.2 Atmospheric urban and woodland extracts. The lms
formed from the urban sample had initial thicknesses of 6.3 and
6.4 Å and scattering length densities of 1.3 and 1.2 × 10−6 Å−2

across multiple lm depositions and are comparable to urban
lms presented by Shepherd et al.27 The similarity provides some
condence in test values and reproducibility of the lm between
different sampling periods. The thickness reported here falls
between that of the urban samples from spring (3.6 and 6.1 Å)
and winter (10.2 Å) from the prior study.27 Furthermore, the
scattering length densities of the urban samples observed in the
work presented here are fractionally larger than all urban
samples presented by Shepherd et al.27 which were between
0.68–0.89× 10−6 Å−2. In Shepherd et al.'s27work the lms formed
depended on the time of year, the samples collected, and the
potential for signicant atmospheric processing of the urban
samples, which had already occurred, owing to a lack of oxidation
when exposed to O3. Therefore, a slight variation to the work
described here is not unexpected. It is also useful to explore more
1314 | Environ. Sci.: Atmos., 2024, 4, 1309–1321
measurements from similar environments to elucidate the range
of values for lm thicknesses, so far less than ten separate
measurements have been taken from the urban source used
herein.

As far as the authors are aware, this work is the rst instance
of the measurement of a thin lm at the air–water interface
formed from atmospheric material extracted from woodland
environments. The initial thickness and scattering length
density of the lm formed by atmospheric extracted material
from deciduous woodland were 6.4 Å and 1.0× 10−6 Å−2. Owing
to a lack of previous comparable literature, the woodland
sample can only be compared with those from other environ-
ments. The woodland sample is similar in lm thickness to the
urban sample presented here, however, the scattering length
density is lower. Although the woodland sample was collected
in a deciduous 90 hectare plantation, the sampling location is
also impacted by sources of traffic and urban pollution so may
be more representative of a rural sample rather than a remotely
located woodland.
3.2 Film kinetics

The proportion of organic scattering material at the air–water
interface throughout exposure to various atmospherically rele-
vant gases calculated by the total counts method is presented in
Fig. 2. The errors are estimated using a Poisson distribution for
the raw counts and displayed as one standard deviation. The
change in the amount of material at the interface with time was
used to determine the signicance of gas-phase SO2 in the
removal of lms from the air–water interface in comparison to
zero air. The mixing ratio of SO2 used in this work is large with
respect to what can be found in the atmosphere, and is similar
to mixing ratios found in volcanic plumes118 and slightly in
excess of those found in power stations with poor desulfuring
technology.119 The mixing ratio of SO2 used here is typical of
extreme values found in the atmosphere and was used to elicit
any large observable effect with the observed organic lms.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The relative proportion of material remaining at the air–water
interface throughout the reaction of monolayers of deuterated
atmospheric proxies (d17-oleic acid, d35-stearic acid) and real atmo-
spheric extracts fromwoodland, urban and woodsmoke environments
with atmospherically relevant gases. Gas flow was maintained at 0.3
L min−1. Errors show one standard deviation.
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While the kinetics of reactions of SO2 with organics have been
shown to be mixing ratio dependent, the focus of the work
presented here is on whether the lm is removed or altered by
SO2 and thus a large mixing ratio was used to investigate an
effect, i.e. whether the lm is removed or altered by SO2.67,68

3.2.1 Proxy materials. Deuterated, insoluble, atmospheric
proxies for organic material at the air–water interface, d17-oleic
acid and d35-stearic acid, were deposited as separate mono-
layers on the interface between air and air contrast matched
water in a Teon Langmuir trough. A reaction control between
oleic acid and ozone and a non-reaction control with stearic
acid and SO2 were used to provide evidence that a published
reaction at the air–water interface was measurable.

The lm of stearic acid showed no signicant changes at the
interface with increased exposure time to SO2 which indicates
no reaction and no removal of material from the interface. The
reaction was a control as unsaturated carbon–carbon double
bonds are needed for the reaction of organics with SO2. A small
increase is observed in the stearic acid lm measurement at
long exposure times to SO2, this may be attributed to a change
in the packing of the stearic acid molecules at the air–water
interface owing to a change in pH of the sub-phase which is
becoming more acidic with exposure to SO2.

The oleic acid lms showed a loss of scattering material
throughout exposure to O3, zero air, SO2, and N2. The exposure of
© 2024 The Author(s). Published by the Royal Society of Chemistry
the oleic lm to N2 demonstrated the relative stability of the lm
in the trough, and a comparison of oleic acid to that of wood-
smoke, woodland and urban samples (Fig. 2) demonstrate rela-
tive surface instability of oleic acid in comparison to lms of
atmospheric extracted material. The rate of loss of oleic acid
from the interface under N2 is similar to controls in previous
experiments (e.g. Fig. 2 and 4 from King et al., 2020 (ref. 31)).
Exposure of the oleic acid lm to zero air showed a greater and
more rapid loss of material from the interface in comparison to
N2, indicating a reaction of oleic acid and O2 which has been
previously demonstrated.31 Interestingly, the interaction of SO2

(in air) and the oleic lm resulted in a slightly slower loss of
material than with zero air. Additionally, in one measurement
where the gas was changed from SO2 to zero air, it can be seen
that the rate of change of material at the interface varies from
being similar to the oleic acid decay under SO2 to being more
representative of the oleic acid decay under air. Gas-phase SO2

may be reducing the rate of material loss from the interface
owing to the competition between SO2 and O2 for the unsatu-
rated carbon–carbon double bond. The reaction of SO2 and oleic
acid may produce a more stable surface product than with O2

which ultimately slowed the rate of loss of material from the
interface in comparison to zero air. However, this is one possible
mechanism, and further spectroscopy focused experiments
would be required to determine if this is the correct interpreta-
tion. What has been shown is that the rate of loss of oleic acid
lms at the air–water interface is comparable between air and
SO2, thus, from an atmospheric perspective, the reaction of oleic
acid with SO2 is not more signicant than the reaction of oleic
acid and O2 in respect to the removal of aerosol organic lms.

FTIR analysis of the product of reaction of SO2 with oleic acid
extracted from the air–water interface showed that the C]C–H
stretch had been removed during the exposure of oleic acid to
SO2 (Fig. 3); a comparison of the post-reaction spectra and that
of a standard literature example120 is shown in Fig. 3. Note the
loss of the peak at ∼3004 cm−1, which has previously been
assigned to C]C–H stretch, indicates a reaction of SO2 with the
double bond which may result in the formation of S–O bonds
(organosulfates),66,121 and the loss of this stretch in the FTIR
supports the idea of reaction between SO2 and unsaturated
carbon–carbon double bonds.

3.2.2 Atmospheric urban and woodland extracts. The top
panel of Fig. 2 shows that the amount of atmospheric extracted
material at the air–water interface from urban and woodland
environments remained unchanged throughout the measure-
ment period under exposure to both zero air and SO2. The lack
of a change in the amount of material at the interface indicates
no reaction with SO2 and is interpreted as a lack of unsaturated
carbon–carbon double bonds in the woodland and urban
extracted samples. Films consisting of atmospheric extracted
material from urban environments have previously been
demonstrated to be unreactive to ozone which has been
ascribed to a lack of unsaturated carbon–carbon double bonds
due to previous atmospheric processing,26 and the results in
Fig. 2 support this and demonstrate that the urban sample used
herein has likely undergone substantial oxidation in the
atmosphere prior to extraction. No reaction of SO2 with the
Environ. Sci.: Atmos., 2024, 4, 1309–1321 | 1315
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Fig. 3 FTIR spectra of organic material extracted from the air–water
interface after the reaction of SO2 and oleic (red, bottom) versus
literature oleic120 (blue, top) (translated on y-axis by 0.2).51 The product
following reaction of oleic acid with SO2 shows a loss of the C]C–H
peak indicating a reaction with SO2 has occurred.

Fig. 4 The neutron scattering length density profile of two films of
woodsmoke extracted organic material at the air–water interface
before and after exposure to SO2 (top) and zero-air (bottom). The
exposure of the film to SO2 caused a decrease in the scattering length
density of the central component, which may allude to a reaction of
SO2 and PAHs, which the large scattering length density of the central
component has been ascribed to. Little change in the scattering length
density profile of the film before and after exposure to zero-air indi-
cates no reaction.
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woodland extracted material was unexpected owing to literature
suggesting an abundance of unsaturated carbon–carbon double
bonds in forested environments due to the presence of Biogenic
Volatile Organic Compounds (BVOCs).122 For the urban and
woodland extracted material observed in this work there was no
obvious reaction of these lms with SO2, and thus SO2 may not
remove lms of material from these environments from the air–
water interface.
3.3 Woodsmoke lm structure & reaction with SO2

The reectivity prole of the lm formed from the woodsmoke
extracted lm is shown in Fig. 1. A model of a single, thin lm
did not adequately reproduce the measured reectivity prole
for the woodsmoke samples and a more complex model was
required to produce a better t. The woodsmoke lm was
modelled as a multi-layer structure with the best-t scattering
length density proles shown in Fig. 4 and 5. Note that the
scattering length densities and total lm thickness shown here
signicantly exceed those found previously by Shepherd et al.27

for woodsmoke samples. However, a much greater amount of
material was deposited at the air–water interface in this inves-
tigation and the sample was produced by the burning of
a different wood (Weymouth pine, Pinus strobus, cf.Wild cherry,
Prunus avium).

Despite the woodsmoke sample being deposited as
a homogenous solution, the best-t scattering length density
prole (Fig. 4) shows a separation of low and high scattering
regions which may indicate some ordering of compounds
1316 | Environ. Sci.: Atmos., 2024, 4, 1309–1321
within the lm. While ordering of proxy atmospheric organic
material has been observed previously,78,123,124 this is the rst
instance to the authors' knowledge that this ordering has been
observed with the use of material extracted from the atmo-
sphere. Furthermore, both a repeat deposition of the lm and
reparameterization of the scattering model resulted in similar
structures.

The scattering length density proles shown in Fig. 4 and 5
are the result of extensive searches through possible scattering
length density proles using MCMC analyses to nd the best-t
of the measured reectivity of these samples. The scattering
length density proles indicate a three component structure
with a lower (<0.5 × 10−6 Å−2), medium (0.5–1.5 × 10−6 Å−2)
and a higher (2.5–3.0 × 10−6 Å−2) scattering length density. A
comparison of these components with Table 2 (ref. 113 and 114)
shows that these three lm components may be interpreted as
a layer of alkyl surfactants (lower), a layer of polycyclic aromatic
hydrocarbons (higher), and a hydrocarbon or alkane/alkene
layer (medium). These are suggested based on the scattering
length densities. The alkyl layer is likely the closest to the water
and composed of organic acids to give some surface active
nature, supporting the other components on top as a stable air–
water lm. A cartoon of this is shown in Fig. 5. Readers should
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A cartoon interpretation of the modelled scattering length density of an organic film at the air–water interface formed from atmospheric
extracted material from deciduous wood burning. The structure was determined based on the approximated scattering length densities and
surface activity of typical deciduous burning products. The presented diagram suggests a potential three-layered structure of surfactants, PAHs,
and non-surfactants on top of the film.

Table 2 Typical products from the burning of wood and their
respective scattering length densities. Scattering length density was
estimated based on information from existing literature115

Compounds Formula Density/g cm−1 SLD/10−6 Å−2

Fluoranthene C16H10 1.25 2.57
Pyrene C16H10 1.27 2.61
benzo [a]pyrene C20H12 1.35–1.4 2.84–2.94
Phenanthrene C14H10 0.98–1.18 1.84–2.22
Pelargonic acid C9H18O2 0.91 0.14
Lauric acid C12H24O2 0.88 0.04
Myristic acid C14H28O2 0.86 0.00
Behenic acid C22H44O2 0.90 −0.11
Catechol C6H6O2 1.34 2.13
4-Hydroxybenzoic
acid

C7H6O3 1.46 2.64

Vanillic acid C8H8O4 1.40 2.33
Levoglucosan C6H10O5 1.70 1.29
Dehydroabietic acid C20H28O2 1.10 0.88
b-Sitosterol C29H50O 1.00 0.17
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note that incomplete surface coverage or hydration of the lm
will result in a lowering of the SLD, and the interpretation here
is just one solution and additional studies are needed to
conrm in full detail.

The results of the exposure of the woodsmoke lm to SO2

and zero air are shown in Fig. 4. There is a slight change in the
structure following exposure to SO2, with virtually no change
following exposure to zero air. However, the integrated area
© 2024 The Author(s). Published by the Royal Society of Chemistry
under the scattering length density prole does not substan-
tially change indicating that there is no loss of material from the
surface and results in more of a rearrangement following the
reaction. This is supported by the total counts method shown in
Fig. 2. Fig. 4 demonstrates that the most signicant change to
the scattering length density prole of the woodsmoke lm aer
exposure to SO2 is in the central component – which is expected
to be rich in polyaromatic hydrocarbons, PAHs. Thus, whilst
SO2 may react with material extracted from woodsmoke it does
not possess the capability to remove woodsmoke material from
the air–water interface which has previously been shown to be
removed by ozone and OH radicals albeit with thinner wood-
smoke lms.27
4 Conclusions

Real atmospheric aerosol extracted from urban and woodland
environments formed thin, stable, organic lms at the air–water
interface and were found to be ∼0.6 nm thick. Woodsmoke
extract also formed lms and produced thicker lms (>40 nm).
There is initial evidence that these thicker lms exhibit layered
ordering, and these thick layered lms are unusual. There was
no evidence of a reaction of SO2 with lms consisting of mate-
rial extracted from urban an woodland environments that
removed them from the air–water interface. Reactions of proxy
insoluble surfactants at the air–water interface were also
studied. The reaction of oleic acid with SO2 showed changes in
the FTIR spectrum consistent with the formation of
Environ. Sci.: Atmos., 2024, 4, 1309–1321 | 1317
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organosulfates, it is presumed that the urban and woodland
samples lack a signicant number of unsaturated carbon–
carbon double bonds and have likely been aged in the atmo-
sphere prior to extraction. Thus whilst lms from wood burning
aerosol did not appear to react and leave the interface this may
be because SO2 reacted but did not remove lms at the air–water
interface. Analysis of the scattering length density prole of the
wood burning lm indicates the lm to be multilayered and
that some reaction may have occurred with the central
component of the three-layered lm.

Monitoring of ozone mixing ratios throughout the neutron
reectometry measurements showed that ozone concentrations
within the path of the neutron beam remained equivalent to
background levels within the ISIS complex, indicating that there
was no signicant production of ozone from the spallation
source and other irradiated components along the beam-path.

The work herein demonstrates that SO2 may not appreciably
remove the organic material studied from the air–water inter-
face at a rate substantially greater than in air. Note whilst the
organic samples used here are of a complexity that represents
atmospheric aerosol they are certainty not representative of all
atmospheric aerosol. Atmospheric mixing ratios of SO2 are
typically 2–20 ppb125 and at 450 ppb our experiment was in
excess of typical concentrations in the atmosphere with the
exception of a plume from a fossil fuel power station with poor
desulfuring technology or a volcanic eruption.124 While some
evidence of SO2-organic reactions was observed, the thickness
of measured lms remained relatively similar during exposure
to SO2. Thus, for changes to the thickness of organic lms at the
air–water interface, the reaction of SO2 in the dark may not be
atmospherically signicant with respect to the removal of thin
lms consisting of insoluble matter.
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