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Despite their atmospheric abundance, heterogeneous and multiphase reactions of carbonyl compounds are

poorly understood. In this study, we investigate the surface adsorption and surface chemistry of methyl ethyl

ketone (MEK), the second most abundant ketone in the atmosphere, with several mineral oxide surfaces

including SiO2, a-Fe2O3 and TiO2. In particular, the chemistry of MEK with these common components of

mineral dust, under both dry and high relative humidity (RH%) conditions, has been investigated.

Furthermore, reactions of adsorbed MEK with gas-phase NO2 were also examined. We show that MEK

molecularly and reversibly adsorbs on SiO2 whereas irreversible adsorption occurs on both a-Fe2O3 and

TiO2 surfaces, followed by the formation of higher molar mass species resulting from dimerization and

oligomerization reactions. Isotope labeling experiments confirmed the incorporation of H atoms from

surface hydroxyl groups and strongly adsorbed water into these oligomer products. Most interesting is that

at 80% RH, oligomer formation on a-Fe2O3 shifts toward a higher relative abundance of MEK tetramer

relative to the dimer while on TiO2 there was no change in product distribution. In the presence of gas-

phase NO2, MEK undergoes degradation to formaldehyde and acetaldehyde, followed by the formation of

aldol condensation products of these aldehydes on the a-Fe2O3 surface. Overall, this study provides

mechanistic insights on mineralogy-specific heterogeneous chemistry of a prevalent and atmospherically

abundant ketone.
Environmental signicance

Methyl ethyl ketone (MEK) is the second most abundant ketone in the atmosphere and an important precursor of secondary organic aerosols. Currently its
reactions with primary pollutant gases and water vapor in the presence of mineral surfaces are poorly understood. Heterogeneous reactions of MEK on mineral
oxide surfaces show a range of products that form on the surface in the presence of water and nitrogen dioxide and the product distribution changes. Eighteen
different compounds are found suggesting multiple mechanisms by which MEK can interact with these surfaces. These results improve our understanding of
heterogeneous chemistry of mineral dust aerosols and, in particular, reactions of carbonyl compounds on mineral surfaces.
1 Introduction

Secondary organic aerosols (SOAs) form a signicant fraction of
atmospheric particulate matter (PM) and play important roles
in climate change, air quality, and human health.1–5 Atmo-
spheric carbonyl compounds are the major constituents of
University of California San Diego, 9500
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SOAs.6–9 Low molar mass carbonyl compounds such as acetone
and methyl ethyl ketone (MEK) are primary precursors
contributing to numerous oxygenated SOAs.9 For example,
polymers formed from small carbonyls are a major component
of organic aerosols.10 Gas-phase photochemical reactions with
atmospheric oxidants such as hydroxyl radicals and ozone are
considered to be the major reaction pathways for carbonyl
compounds due to their higher volatility.6,9,11,12 Furthermore,
some carbonyl compounds such as glyoxal are precursors for
Brown Carbon (BrC) formation.13–17 Despite the abundance of
carbonyl compounds in the atmosphere, for the most part,
heterogeneous and multiphase reactions of these compounds
on mineral surfaces were considered insignicant due to their
volatility.12

MEK is the second most abundant atmospheric carbonyl
compound aer acetone,11,18 with a typical mixing ratio of 0.03–
Environ. Sci.: Atmos., 2023, 3, 799–815 | 799
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4 ppb.19 MEK is emitted via both biogenic and anthropogenic
sources. Biogenic sources include direct emissions such as
biomass burning and from the terrestrial biosphere, including
but not limited to dry plant matter, plant roots, and
bacteria.19–24 MEK is directly emitted from certain anthropo-
genic sources such as solvent evaporation, vehicle
exhaust,19,25–28 and secondary production from the oxidation of
anthropogenic alkanes.11,29,30 Although MEK has been detected
alongside other volatile organic compounds (VOCs), atmo-
spheric MEK has received little attention19 and there are few
studies of its heterogeneous reactions on aerosol surfaces.31–34

Although unrelated to atmospheric chemistry, some studies on
MEK adsorption on photocatalysts such as TiO2 have found,
and in the absence of light, the MEK adsorption correlates with
the surface area of the catalyst.35 In the gas phase, MEK reacts
with hydroxyl radicals to form acetaldehyde and formalde-
hyde.19 These carbonyl compounds although have long been
considered insignicant contributors to aerosol mass due to
their higher volatility, recent studies conducted with formal-
dehyde and glyoxal suggest otherwise.36–39 In particular, the
hydration of carbonyl compounds, e.g. acetone, glyoxal, and
formaldehyde, and subsequent heterogeneous chemistry,
including oligomerization, dehydration, and aldol condensa-
tion, have been previously observed.31–34,38,40 In previous studies
with metal oxide surfaces,31,32 the adsorption, chemistry and
photochemistry of small carbonyl compounds have been
investigated to understand heterogeneous chemistry. In the
current study, we extend this aspect further to identify the
products formed on these surfaces and investigate the detailed
mechanism via isotope labeling experiments. Moreover,
different from previous studies, the current effort focuses on the
heterogeneous and multiphase chemistry of small carbonyl
compounds on metal oxide surfaces, instead of salts such as
ammonium sulfate aerosol particles.33,34 In the presence of NOx

in the gas phase, MEK can lead to peroxyacetyl nitrate and
ozone formation.41,42 However, MEK reactions with trace gases
such as NO2 on mineral aerosol surfaces remain unknown.

In this study, the surface adsorption and surface reactions of
MEK on mineral oxide surfaces, SiO2, a-Fe2O3, and TiO2 were
investigated. SiO2 is a major component in mineral dust, yet
relatively inert, whereas a-Fe2O3 and TiO2 are more reactive
components.43 MEK can adsorb onto and undergo heterogeneous
reactions on these mineral surfaces. Furthermore, given the
importance of water vapor in atmospheric reactions,44 MEK
adsorption on mineral surfaces under both dry and high relative
humidity (RH) conditions was considered as well as the reactions
of adsorbed-MEK with NO2. NO2 is found in the atmosphere,
primarily emitted via fossil fuel combustion and vehicle
exhausts,45,46 and due to the higher correlation of atmospheric NO2

concentrations to traffic, it is used as a traffic-related air pollution
marker.46 Therefore, interactions between MEK with mineral dust
and NO2 during dust transport and urban dust episodes can
facilitate the formation of a range of oxygenated SOAs as discussed
in detail here.

Most interesting, and discussed in more detail below,
despite suggestions that small carbonyl compounds are too
volatile to be signicantly involved in heterogeneous chemistry
800 | Environ. Sci.: Atmos., 2023, 3, 799–815
leading to SOA formation, is that this study provides insights
into the formation of a range of SOAs from MEK on mineral
surfaces that can occur. Both Fourier transform infrared (FTIR)
spectroscopy as an in situ probe of product formation and high-
resolution mass spectrometry (HRMS) of solvent-extracted
products were used to unravel the complex heterogeneous
chemistry occurring on mineral dust surfaces.

2 Materials and methods
2.1 Transmission FTIR spectroscopy and methods

Transmission FTIR spectroscopy was used to monitor reactions
on oxide surfaces at 296 ± 1 K. Additional details of the infrared
cell and gas handling system have been previously described.47–52

Oxide particles (SiO2, Aerosil OX50, a-Fe2O3, hematite, 99+%,
Fischer Scientic, and TiO2, rutile, Sigma Aldrich) with a BET
surface area of 30 + 1 m2 g−1, 80 + 10 m2 g−1, and 31 + 4 m2 g−1,
respectively, were heated in an oven at 473 ± 1 K overnight to
remove organic contaminants and then pressed onto one half of
a tungsten grid (ca. 5 mg). The grid was then placed in the sample
IR cell compartment, held by two stainless steel jaws. Following
the preparation of the mineral sample and placement in the IR
cell, the system was evacuated for 4 h using a turbomolecular
pump. SiO2 was further heated once pressed to the tungsten grid.
a-Fe2O3 and TiO2 surfaces were subsequently exposed to 50% RH
water vapor for 2 h to ensure a fully hydroxylated terminated
surface. Once hydroxylated, the system was evacuated for another
6 h to remove water vapor in the chamber. SiO2 surfaces were not
subjected to hydroxylation, as the surfaces have strong signals
arising from silanol groups. The MEK adsorption mechanisms on
a-Fe2O3 and TiO2 surfaces were explored using deuterated water
vapor in the surface hydroxylation step above. In particular, 10–20
Torr of D2O (Sigma Aldrich, 99.9%) degassed via several cycles of
the freeze–thaw–pump method was introduced into the IR cell
loaded with either an a-Fe2O3 or TiO2 surface for 30 min followed
by evacuation. The process was repeated until the surface is fully
deuteroxylated.53,54

Aer evacuation, the surface was exposed to the desired
pressure of methyl ethyl ketone (MEK, 2-butanone, 99%, Sigma
Aldrich) for 20 min under dry conditions (RH < 1%). The MEK
sample was degassed at least three times with consecutive
freeze–pump–thaw cycles prior to use. Then, in order to
understand the impact of RH% on the adsorption of MEK on
mineral surfaces, in a different set of experiments, 20 mTorr of
MEK was introduced into the IR cell and allowed adsorption for
30 min. Then, the RH% inside the IR cell was brought to 80% by
introducing water vapor and the reactions were monitored over
4 h. Following the adsorption, the surfaces were evacuated
overnight. Similarly, the reactions of MEK with NO2 on mineral
surfaces were studied by introducing 5 mTorr of NO2 (2 ppm in
N2, Airgas) into the IR cell aer allowing 20 mTorr of MEK
adsorption on mineral surfaces. Here, the reactions were
monitored over 4 h, and the surfaces were evacuated overnight
following the adsorption. Relatively higher concentrations of
reactants compared to their atmospheric concentrations were
used in this study to determine the feasibility of these types of
reactions. Additionally, mass spectrometric analysis of surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
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products required these higher concentrations for denitive
conrmation.

Prior to and following the exposure to gases, single-beam
spectra (250 scans) of the surface and gas phase were
acquired using a resolution of 4 cm−1 and covering the spectral
range of 600 to 4000 cm−1. This was accomplished by the use of
a linear translator with the infrared beam interrogating the
portion of the grid pressed with mineral particles followed by
the portion of the grid le blank. Absorption spectra on mineral
particles are reported as the difference in the mineral spectra
before and aer exposure to gases. Absorption bands due to gas-
phase components, as measured through the blank half of the
tungsten grid under identical conditions, were subtracted to
obtain the FTIR spectra of adsorbed species only.
Fig. 1 FTIR spectra of MEK adsorption on the SiO2 surface under dry
conditions in the spectral regions from 1150 to 1800 cm−1 and 2800 to
4000 cm−1. The absorbance scale is shown in the top left corner.
2.2 High-resolution mass spectrometry

Organic products formed on mineral surfaces following the
adsorption of MEK, and subsequent reactions with NO2, were
analyzed using a direct-injection linear ion trap (Thermo Fisher
Orbitrap) high-resolution mass spectrometer (HRMS). Additional
experiments with ∼5 mg of two authentic dust samples, Arizona
Test Dust (AZTD, Powder Technologies) and Gobi Dust (NIES,
Japan),55 were conducted by exposing them to 20 mTorr MEK for
30 min followed by evacuation. Adsorbed products were extracted
from the solid substrate using methanol (CH3OH, Fisher Scien-
tic, HPLC grade) as the solvent. Methanol was chosen as the
solvent as it produced the best signal for MEK standards. The
sample vial, syringe, and all other glassware used in the transfer
process were cleaned prior to use withmethanol, andMilli-Q water
(Millipore Sigma, 18.2 MU), and baked in an oven at 773 ± 1 K to
further remove trace organics. Plastic vials used in sample prepa-
ration were sonicated in methanol for 60 min and washed thor-
oughly prior to use. All of the samples were stored at 253± 1 K and
analyzed within 48 h of collection. Product stability was tested for
up to 40 days under the freeze storage conditions used. It was
determined that no transformations of products occurred.

HRMS analysis in both positive electrospray ionization (ESI)
([M + H]+ and [M + Na]+) and negative ESI modes ([M−H]) was
used; however, structure elucidation was conducted with posi-
tive ESI mode data. The heated electrospray ionization (HESI)
source was operated at 373.15 K. The ESI capillary was set to
a voltage of 3.5 kV at 623.15 K. The HESI-Orbitrap MS was
calibrated prior to use. Mass spectra were acquired with a mass
range of 50–2000 Da. Peaks with a mass tolerance of > 5 ppm
were rejected. Unconrmed minor products (low intensity) are
not reported. Compositions were calculated with the following
element ranges: 12C, 0–60; 1H, 0–150; 2H, 0–50; 16O, 0–25; 14N,
0–3; 23Na, 0–5; 39K, 0–5; 56Fe, 0–5; 28Si, 0–5; 48Ti, 0–5. Tandem
mass spectrometry (MS/MS) with a collision energy of 40 eV was
used for structure determination.
3 Results and discussion
3.1 MEK adsorption and oligomerization on oxide surfaces

SiO2 surfaces exposed to gas-phase MEK at various pressures
under dry conditions show new spectral features due to surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
adsorption as seen in Fig. 1. Most notable are the infrared
absorption bands in the regions extending from 2800 to
4000 cm−1 and 1150 to 1800 cm−1. The bands between 2800 and
3000 cm−1 were assigned to C–H stretching vibrations and
those between 1300 and 1500 cm−1 were assigned to C–H
bending modes (Table 1).56 The adsorbed carbonyl group on
SiO2 surfaces is observed at 1698 cm−1 and 1707 cm−1 indi-
cating multilayer adsorption. Moreover, the carbonyl group of
MEK interacts with silanol groups via H-bond formation. At
relatively lower MEK pressures, the peak at 1698 cm−1 is
stronger, whereas, at higher MEK pressures, the peak at
1707 cm−1 supersedes as adsorbed layers farther away from the
surface have more gas-phase-like characteristics. These
frequencies observed for the absorption bands found for
adsorbed MEK correspond fairly closely to its gas-phase vibra-
tional frequencies indicating that MEK is molecularly adsorbed
onto SiO2 surfaces.57 The Gas-Phase-MEK FTIR spectrum is
provided in ESI Fig. S1.†

A loss at 3747 cm−1 suggests that isolated silanol groups on
the silica surface are interacting via hydrogen bonding with
MEKmolecules.58,59 Furthermore, a band for the hydrogen bond
between MEK and the silanol group appears with an absorption
maximum at 3348 cm−1. Upon evacuating overnight, almost all
of the adsorbed MEK is removed, thus suggesting reversible
adsorption of MEK on SiO2 surfaces. Additionally, HRMS anal-
ysis of samples extracted from MEK-treated surfaces while
outside the acceptable mass tolerance limits detected only
a minor quantity of residual MEK (C4H8ONa, m/z 95.05) in
positive ESI mode. No MEK derivatives were conrmed during
the HRMS analysis. This indicates that adsorbed MEK does not
transform into other compounds on SiO2 under dark and dry
conditions. The HRMS pattern for the MEK standard in meth-
anol is provided in Fig. S2.† Briey, at lower MEK standard
concentrations (70 ppm), the sodated MEK monomer was
Environ. Sci.: Atmos., 2023, 3, 799–815 | 801
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Table 1 FTIR peak assignments in the frequency range from 1200 to 3000 cm−1 of adsorbed MEK on oxide surfaces31,32,56,58,61

Vibrational mode

Peak assignment

SiO2 a-Fe2O3 TiO2

Loss of isolated silanol groups 3747 — —
Loss of surface hydroxyl groups — 3670, 3620 —
Hydrogen bond network formation 3348 — —
C–H bond stretching vibrations 2986, 2948, 2892 2971, 2941, 2910, 2883, 2855 2970, 2939, 2888
C]O bond stretching 1698,1701 1683 1690
Adsorbed water, bending vibration — 1635 1648
C]C bond stretching of an alpha-beta unsaturated
ketone, and other conjugated systems

— 1615, 1568 1580

C–H bond bending vibrations 1465, 1417, 1375 1464, 1410, 1381, 1367, 1340 1461, 1408, 1390, 1364
C–O bond stretching vibrations, particularly of alcohols — 1281, 1242, 1202, 1175 1264, 1184
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observed at m/z = 95.05 for C4H8Ona, whereas, at higher MEK
concentrations (1000 ppm), a sodated MEK ‘dimer’ was identi-
ed at m/z = 167.10. MS/MS fragmentation of this peak
produced one major fragment at 95.05 suggesting cluster
formation during chemical ionization (Table S1†).60 However,
no other MEK clusters/‘oligomers’ were observed in the
1000 ppm MEK standard during HRMS analysis (Fig. S2†).

In contrast to SiO2 surfaces, MEK-exposed a-Fe2O3 surfaces
show the appearance of additional spectral features suggesting
the transformation of MEK to other adsorbed species on the
surface (Fig. 2). These features include the shiing of the
carbonyl peak to 1683 cm−1 along with the appearance of new
peaks around 1615 and 1568 cm−1 (consistent with C]C
stretching vibrations).31,32,56,62 These spectral features indicate
the formation of alpha-beta unsaturated ketones and conju-
gated compounds on the a-Fe2O3 surface. Furthermore, peaks
in the spectral region from 1150 to 1290 cm−1 for C–O bond
vibrations indicate the formation of alcohol groups. Unlike on
SiO2 surfaces, it is important to note the formation of water as
indicated by the presence of the adsorbed water bending
vibration at ∼1635 cm−1.51,56 MEK-exposed TiO2 surfaces show
similar spectral features. While a shoulder at ∼1648 cm−1

appears suggesting the presence of adsorbed water, on TiO2

surfaces, the feature is not as prominent as on a-Fe2O3 surfaces.
The adsorbed organic species were extracted in methanol and
were further analyzed using HRMS for the identication and
structure elucidation of the products formed. MS/MS was per-
formed for identied compounds to conrm their structures.
The full list of these fragmentation patterns is provided in Table
S1†. Moreover, when assigning C]C bonds to these structures,
particularly for dehydration products, overall theoretical
stability due to extended conjugation andMS/MS fragmentation
patterns were considered. The stereochemistry of molecules
was not taken into account with these structural assignments.

Three groups of oligomers were identied on both a-Fe2O3

and TiO2 surfaces (Fig. 3 and Table 2). These oligomer groups
are Group A: MEK dimer, Group B: MEK trimer and its deriva-
tives (dehydration products), and Group C: MEK tetramer and
its derivatives (dehydration products). For both a-Fe2O3 and
TiO2 surfaces, a MEK dimer (Compound 1, C8H16O2Na, m/z =
802 | Environ. Sci.: Atmos., 2023, 3, 799–815
167.10) was observed with the highest relative abundance.
However, a dehydrated product of MEK dimer was not observed.
This differs from acetone adsorption on TiO2, in which mesityl
oxide, a dehydration product of acetone aldol-condensation
reaction, was observed.32 MS/MS analysis of the m/z peak at
167.10 produced major fragments at m/z = 95.05 for C4H8ONa
and 138.03 for C6H11O2Na. Another fragment was identied at
m/z = 127.11 for C8H15O, for water loss during MS/MS analysis,
which supports the presence of an OH group that is eliminated
as water. The MS/MS fragmentation pattern of m/z = 167.10 for
solvent-extracted samples is particularly different from that of
high-concentration MEK standard samples (1000 ppm) where
one fragment at m/z = 95.05 for the MEK monomer was
observed (Fig. S2† and Table S1†). This indicates that at higher
concentrations, the standard sample produced a ‘dimer’ under
MS conditions, commonly known as cluster formation,60 while
on surfaces, a dimer is formed from surface reactions with the
structure of compound 1.

Additionally, a MEK trimer (Compound 2, C12H24O3Na, m/z
= 239.16) and two dehydration products (Compound 3,
C12H22O2Na, m/z = 221.15 and Compound 4, C12H20ONa,m/z =
203.14) were identied on both a-Fe2O3 and TiO2 surfaces,
along with their fragments. The MS/MS analysis of the peak at
m/z = 239.10 produced a fragment at 221.15 for C12H22O2Na,
whereas the fragmentation of the peak at m/z = 221.15
produced several different fragments notably at m/z = 95.05
(MEK monomer unit), 203.14 (C12H20ONa) and, 151.07
(C7H12O2Na). The evidence of forming a MEK tetramer and its
dehydration products was observed on both a-Fe2O3 and TiO2

surfaces. On a-Fe2O3 surfaces, four different compounds,
namely, MEK tetramer (Compound 5, C16H32O4Na, m/z =

311.22), Compound 6 (C16H30O3Na,m/z= 293.20), Compound 7
(C16H28O2Na, m/z = 275.20), and Compound 8 (C16H26ONa, m/z
= 257.19), were observed with a higher relative abundance than
group B compounds. However, on TiO2 surfaces, only
Compounds 7 and 8 were observed with a lower relative abun-
dance than group B compounds. This indicates that the
tetramer formation is favored on a-Fe2O3 surfaces over TiO2

underscoring the role of specic mineral surfaces in the oligo-
merization of MEK. Such carbonyl compound oligomerization
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of MEK adsorption on (a) a-Fe2O3 and (b) TiO2 under dry conditions in the spectral regions from 1150 to 1800 cm−1 and 2800
to 4000 cm−1. The absorbance scale is shown in the top left corner.
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has previously been observed with pinonaldehyde on acidic
aerosols such as mixtures of (NH4)2SO4 and H2SO4.63 Further-
more, these HRMS data are complemented by the FTIR spectra
produced by the adsorption of MEK on these oxide surfaces, in
which the spectral features show the formation of conjugated
carbonyl systems and alcohol groups. Furthermore, HRMS
analysis of surface products with varying MEK initial pressures
in the range used in this study shows no change in oligomer
distribution. Additionally, adsorbed water observed in part is
due to the dehydration of MEK oligomers formed on surfaces.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Numerous laboratory and eld observations indicate the
formation of various oligomers of smaller atmospheric
carbonyls and their derivatives. However, most of these studies
are limited to photochemical and/or aqueous phase
conditions,40,64–66 while a limited understanding exists for small
carbonyl-oligomerization in multiphase chemistry.12,31,32,38

Thus, our study provides new evidence on mineral-specic
heterogeneous reactions of MEK.

The formation of a series of oligomers on a-Fe2O3 and TiO2

surfaces can be explained by surface-mediated keto–enol
Environ. Sci.: Atmos., 2023, 3, 799–815 | 803
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Fig. 3 HRMS patterns of surface products formed upon adsorption of MEK on (a) a-Fe2O3 and (b) TiO2 under dry conditions.
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tautomerism (KET) followed by aldol condensation of MEK67

(Schemes 1 and 2). The oligomerization can occur via two
reaction pathways. Both a-Fe2O3 and TiO2 surfaces are known to
contain surface hydroxyl groups. MEKmay strongly adsorb onto
Lewis acid sites (Fe3+ or Ti4+) and reduced defect sites (Fe2+ or
Ti3+) on oxide surfaces followed by the formation of a surface–
enolate complex.31,32,61,68 This is followed by abstraction of
a proton from MEK (a-H) by either surface oxygen atoms or
surface hydroxyl groups. The interaction of MEK with surface
O–H groups is suggested by the FTIR data as a loss of surface
O–H groups (3620 and 3670 cm−1) from a-Fe2O3 is seen. A
similar aldol-condensation mechanism has previously been
proposed with acetone by other investigators on oxide surfaces
804 | Environ. Sci.: Atmos., 2023, 3, 799–815
with acidic or basic properties such as TiO2, a-Fe2O3, and a-
Al2O3.31,32,62

The MEK dimer and oligomer formation mechanisms on
mineral oxide surfaces were explored using fully deuteroxylated
a-Fe2O3 and TiO2 surfaces. Surface deuteroxylation was con-
ducted by exposing surfaces to ∼10 Torr of D2O repeatedly until
complete surface deuteroxylation is achieved.53,54 Then, 100
mTorr of MEK was exposed to the deuteroxylated a-Fe2O3 or
TiO2 surface for over 4 h followed by overnight evacuation
(Fig. S3† and Table S2†). Upon exposure to MEK, loss of O-D
groups on a-Fe2O3 surfaces is seen around 2708 and
2672 cm−1 due to their interaction with MEK whereas new
spectral features appeared around 2600 cm−1 suggesting the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Identified surface products formed from MEK oligomerization on oxide surfaces

a :m/z. b : Observed formula. c : Molecular formula. d : Mineral oxide surface and relative humidity (%RH) of the compounds observed. e : C]C was
assigned based on the most stable structure due to the formation of conjugated systems and/or MS/MS fragmentation patterns.
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formation of an OD, H-bond network. Furthermore, spectral
features corresponding to C–D bond formation were observed
from 2119–2500 cm−1. Additionally, a smaller peak around
3620 cm−1 begun to appear along with the evidence of OH and
H-bond formation at ∼3458 cm−1. FTIR spectra indicate that
surface originated deuterium atoms get incorporated with
surface products formed while MEK originated H atoms get
incorporated with the surface, forming surface hydroxyl groups.
For deuteroxylated TiO2 spectra, some spectral features corre-
sponding to the loss of surface O-D groups were seen whereas
no signicant changes were observed around ∼3600 cm−1 cor-
responding to surface O–H groups. Adsorbed species extracted
to methanol was analyzed via HRMS for deuterated products of
MEK dimer and oligomers (Fig. S4† and Table S3†).

As shown in Scheme 1a & b on mineral surfaces, surface
hydroxyl/deuteroxyl groups were protonated by a methyl
hydrogen fromMEK, thereby producing surface-adsorbed water
molecules. Thus, this mechanistic pathway suggests another
source of surface-adsorbed water seen in the FTIR spectra
(bendingmode of water at 1635 cm−1 on a-Fe2O3 and 1648 cm−1

on TiO2). In isotope labeling experiments, deuterated products
of MEK dimer and oligomers were observed in HRMS analysis
for both surfaces, conrming the exchange of surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
hydrogens from hydroxyl groups to the products formed on
surfaces (Fig. S4 and S5†). Furthermore, for a-Fe2O3 surfaces,
during enolate formation, most a-H of MEK is exchanged with
deuterium atoms from surface deuteroxyl groups indicating the
constant proton-exchange nature between the enolate and the
surface. This is further complimented by the appearance of
FTIR spectral features for surface OH groups on deuterated a-
Fe2O3 surfaces upon exposure to MEK (Fig. S3†). For TiO2

surfaces, while deuterated oligomers were observed, the prod-
ucts with higher deuteration were observed with a lower
intensity. For example, for a-Fe2O3 surfaces, C8H9D7O2 was
observed with the highest intensity for the deuterated MEK
dimer group (Fig. S4†), whereas for TiO2 surfaces, C8H11D5O2

was observed with the highest intensity for the same group. This
trend with a higher degree of deuteration was seen among the
other oligomer groups observed on a-Fe2O3 surfaces compared
to that of TiO2 surfaces (Table S3†). This higher degree of
deuteration may correspond to higher surface hydroxyl group
density on a-Fe2O3 surfaces than TiO2 as observed in FTIR
spectra. For the deuterated MEK dimer, for both a-Fe2O3 and
TiO2 surfaces, no more than 9 deuterium atoms were observed
suggesting that the deuteration of the MEK molecule can occur
prior to dimerization (Scheme 1a, Fig. S4, S5 and Table S3†).
Environ. Sci.: Atmos., 2023, 3, 799–815 | 805
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Scheme 2 (a) Deuteration of MEK molecules and (b) formation of MEK enol via keto–enol tautomerism (KET) on mineral oxide surfaces as
a result of the interaction of MEK with surface hydroxyl/deuteroxyl groups via H-bond formation, followed by dimerization and oligomerization
via self- and cross-condensation respectively. Deuterated MEK oligomers with maximum possible deuteration are shown to reflect the proton
migration.

Scheme 1 (a) Deuteration of a-H on the MEK molecule upon exposure to the deuteroxylated surface. Formation of a surface-adsorbed MEK
enolate complex via keto–enol tautomerism (KET) on mineral oxide surfaces due to MEK strongly adsorbing onto Lewis acid sites (Fe3+ and Ti4+)
and hydrogen abstraction (b) by surface hydroxyl/deuteroxyl groups, and (c) by surface O2− sites. The surface-adsorbed MEK-enolate-complex
undergoes dimerization and oligomerization via self- and cross-condensation respectively. Deuterated MEK oligomers with maximum possible
deuteration are shown to reflect proton migration.
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Once the surface-adsorbed MEK-enolate-complex is formed, it
self-condensates with another MEK molecule to form a MEK
dimer, or cross-condensates with another MEK dimer (or olig-
omer) to form either a MEK trimer or a tetramer.
806 | Environ. Sci.: Atmos., 2023, 3, 799–815
A surface-adsorbed enolate complex forms via H abstraction
by surface oxygen sites resulting in a similar aldol-condensation
pathway (Scheme 1c)61 which makes this reaction pathway also
possible. The highest relative abundance of MEK dimer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed suggests that the formation of trimers and tetramers
may be challenging due to the surface-adsorbed nature of the
enolate complex. In these schemes, the abstraction of a methyl
H is considered, although the abstraction of a-H from the ethyl
group of MEK may form a more stable enolate form owing to
substitution. The formation of the fragment C6H11O2Na from
MEK dimer (m/z = 167.10) suggests that 1 is an ethyl ketone (its
enolate formed by the abstraction of methyl H), instead of
a methyl ketone.

In another formation pathway, the surface hydroxyl groups
and adsorbed water induce the formation of MEK enol which
then undergoes self-condensation with another MEK molecule
to form a MEK dimer (Scheme 2). Hydrogen exchange from
surface hydroxyl groups to MEK molecules can also be expected
during this mechanistic pathway, deuterating a-H atoms.
Further formation of MEK enol may continue to cross-
condensate, forming other MEK oligomers. The MEK enol
formation occurs near the surface as opposed to the adsorbed
enolate complex explained in Scheme 1, making it less chal-
lenging to form oligomers with 3 or 4 MEK units. Surface-
adsorbed water on a-Fe2O3 surfaces appears to enhance the
KET of protonated MEK, facilitating a higher relative abun-
dance of MEK trimer and tetramer in comparison to their
relative abundances on TiO2 surfaces, once again highlighting
the important role the mineral surface plays (Fig. 3). Here, the
relative abundance was considered with respect to the 100%
relative abundance of the particular HRMS scan. The role of
water molecules in the oligomerization of MEK on mineral
surfaces is discussed in detail in below.

Additionally, studies conducted with the two authentic dust
samples, Arizona Test Dust (AZTD) and Gobi Dust, showed the
formation of similar oligomers fromMEK on these surfaces. For
AZTD, all Compounds 1–8 was identied (Fig. S6†). However,
for Gobi dust, the formation of MEK dimer mostly was
observed.
Fig. 4 FTIR spectra of MEK adsorption at 80% relative humidity (RH)
on (a) SiO2, (b) a-Fe2O3, and (c) TiO2 in the spectral regions from 1150
to 1800 cm−1 and 2800 to 4000 cm−1. The absorbance scale is shown
in the top left corner.
3.2 Surface product formation from adsorbed MEK in the
presence of high relative humidity

As discussed above, water can play an important role in the
reaction chemistry of MEK on oxide surfaces. In order to further
investigate the role of water molecules in MEK oligomerization,
experiments were conducted at 80% RH. Fig. 4 shows the
infrared spectrum of surfaces following exposure to MEK and
water vapor aer 4 h. On SiO2, upon exposure to water vapor, an
adsorbed water bending vibration appears at 1628 cm−1 and
a broad hydrogen stretching region is observed from 3380 to
3300 cm−1. Upon evacuation of the infrared cell, almost all
adsorbed species were desorbed into the gas phase leaving little
signal observed. However, at 80% RH, MEK-adsorbed a-Fe2O3

surfaces started to develop additional spectral features, notable
at 3700 cm−1 (alcohol, free O–H stretching), at 3460, 3307, and
3543 cm−1 for strong H-bonded networks of adsorbed water,
MEK, and alcohols, and at 1635 cm−1 (adsorbed water bending
vibration). Furthermore, once evacuated, the surface retained
most of these spectral features, although with a lower intensity,
and with fewer spectral features in the region from 1150 to
© 2023 The Author(s). Published by the Royal Society of Chemistry
1690 cm−1, indicating signicant changes to the surface
chemistry in the presence of adsorbed water. In contrast to a-
Fe2O3 surfaces, evidence for an only weakly adsorbed H-bond
network was observed on MEK-exposed TiO2 surfaces at 80%
RH. However, adsorbed water on the surface was observed at
1641 cm−1 (water bending vibration) along with the presence of
adsorbed-MEK spectral features comparable to those under
dryer conditions. Upon evacuation, most of these spectral
features were retained on the surface. The solvent-extracted
products were further analyzed with HRMS and MS/MS to
identify the product formation on each surface.
Environ. Sci.: Atmos., 2023, 3, 799–815 | 807
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Fig. 5 HRMS patterns of surface products formed upon adsorption of MEK at 80% RH on (a) a-Fe2O3 and (b) TiO2.
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All compounds (1–8) observed under the dry conditions were
also observed under humid conditions on both a-Fe2O3 and
TiO2 surfaces (Fig. 5). However, the relative distribution of
compounds signicantly differed. For a-Fe2O3 surfaces, the
relative abundance of MEK dimer (m/z = 167.10) decreased
more than 10-fold under humid conditions while the dehy-
drated products of both MEK trimer (m/z = 203.14, 221.15) and
MEK tetramer (m/z = 257.19, 275.20) increased by ∼1.5-fold,
1.3-fold, 3-fold, and 1.7-fold respectively suggesting the
enhanced formation of MEK trimer and tetramer, and their
dehydration products at higher RH. A qualitative analysis was
not conducted for the corresponding peaks for MEK trimer and
tetramer due to their lower relative abundances. For TiO2, the
808 | Environ. Sci.: Atmos., 2023, 3, 799–815
relative abundance of MEK dimer remained at 100% upon
exposure to 80% RH. Nevertheless, the relative intensities of the
HRMS peaks corresponding to MEK trimer (m/z = 239.16) and
tetramer (m/z = 311.22, 293.20) were increased by ∼7-fold, ∼7-
fold, and ∼18-fold respectively in comparison to their dryer
counterparts indicating increased trimer and dimer formation
on TiO2 surfaces as well in the presence of water vapor.

Adsorbed water on both a-Fe2O3 and TiO2 surfaces can
introduce an additional oligomerization pathway via surface-
induced enol formation as explained in Scheme 2. Water may
also act as a catalyst for the KET step.69,70 Higher relative
humidity conditions such as those simulated in these experi-
ments produce a strong H-bonded-water network with MEK
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of evacuated surfaces of MEK reactions with NO2 on SiO2, a-Fe2O3, and TiO2 under dry conditions in the spectral regions
from 1150 to 1800 cm−1 and 2800 to 4000 cm−1. The absorbance scale is shown in the top left corner.
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molecules,71 and on the surface as supported by the FTIR
spectra of MEK-exposed a-Fe2O3 at 80% RH (Fig. S3†). The
formation of these H-bonds induces KET as well as stabilizes
the enol form of MEK.71,72 Therefore, the observed increase of
high-molecular-weight oligomers of MEK on a-Fe2O3 (predom-
inantly) and TiO2 surfaces at 80% RH may be due to the
enhanced enolization on the surface. Furthermore, the better
ability of a-Fe2O3 surfaces to form a strong H-bonded network
than TiO2 surfaces as observed in FTIR spectra and specics of
the H-bond networks such as bond strengths, lengths, and
orientations73,74 may have led to the formation of MEK trimer
and tetramer with higher relative abundance on a-Fe2O3 than
that of TiO2 surfaces. Furthermore, given that SiO2 is a neutral
surface that only facilitates physisorption of both MEK and
water molecules, the acidity of adsorbed water may be insuffi-
cient to induce KET.75,76 Although, small carbonyls undergo
hydration followed by polymerization in the atmosphere,34,38

such a reaction was ruled out in these systems due to the
absence of relevant HRMS evidence. The MEK surface coverages
were determined from volumetric measurements77 and for a-
Fe2O3 and TiO2 these were calculated to be 1.1 × 1014 and 9.3 ×

1013 molecules per cm2, respectively at an initial MEK pressure
of 20 mTorr. Thus, these ndings underscore the role of
mineral oxide surfaces in not only the adsorption of atmo-
spherically relevant ketones such as MEK but also in surface-
mediated product formation under varying environmental
conditions such as RH%.
3.3 Degradation followed by cross-condensation reaction of
MEK with NO2 on a-Fe2O3 surfaces

The reactions of MEK-adsorbed mineral surfaces with NO2 (g)
were studied under dry conditions. For all three surfaces, upon
© 2023 The Author(s). Published by the Royal Society of Chemistry
exposure to NO2 (g), no visibly signicant changes were
observed on FTIR spectra. On evacuated SiO2 surfaces, all but
residual quantities of MEK were desorbed (Fig. 6). For evacu-
ated a-Fe2O3 surfaces, spectral features in the C–H stretching
vibration region remained the same in comparison to those of
MEK only. However, slight differences in spectral features
between 1670 and 1690 cm−1 were observed, perhaps indi-
cating changes in the surface product speciation. No major
differences were observed on the FTIR spectrum of evacuated
TiO2 surfaces, however, suggesting predominantly surface-
mediated additional reaction pathways on a-Fe2O3 surfaces.
Furthermore, no evidence was found for adsorbed organo-
nitrates and/or adsorbed nitrate species formation on either
surface. The solvent-extracted samples were analyzed with
HRMS and MS/MS.

All compounds from 1–8 were identied on both MEK-
adsorbed a-Fe2O3 and TiO2 surfaces exposed to NO2(g). Inter-
estingly, 5 and 6 which were not present on MEK-exposed TiO2

surfaces were identied when allowed reaction with NO2,
suggesting increased oligomerization in the presence of NO2.
Moreover, a range of new compounds were observed on a-
Fe2O3 surfaces highlighting the surface-specic reactions
involving MEK and NO2 (Fig. 7 and Table 3). These compounds
are acetaldehyde dimer (Compound 9, C6H12O2Na, m/z =

139.07), and its dehydration product (Compound 10,
C6H10ONa, m/z = 121.05), Compound 11 (C7H14O2Na, m/z =

153.09), Compound 12 (C14H28O4Na, m/z = 283.19),
Compound 13 (C14H26O3Na, m/z = 265.18), Compound 14
(C14H24O2Na, m/z = 247.17), Compound 15 (C14H22ONa, m/z =
229.16), Compound 16 (C8H16O3Na, m/z = 183.10), Compound
17 (C8H14O2Na, m/z = 165.09), and Compound 18 (C8H12ONa,
m/z = 147.08).
Environ. Sci.: Atmos., 2023, 3, 799–815 | 809
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Fig. 7 HRMS patterns of surface products formed from the reaction of MEK with NO2 on (a) a-Fe2O3 and (b) TiO2 under dry conditions.
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The formation of these compounds indicates that adsorbed
MEK on a-Fe2O3 surfaces undergo a degradation process in the
presence of NO2 to produce acetaldehyde and formaldehyde,
which is a well-known atmospheric reaction oen considered to
occur under photochemical conditions and/or in the presence
of ozone.19 NO2 is an oxidizer and degradation of MEK by NO2 is
mediated on a-Fe2O3 surfaces, perhaps by adsorbed nitrate
species. While neither acetaldehyde nor formaldehyde was
identied in our experiments possibly due to lower m/z values,
Compounds 9 and 10 are self-condensation products of acet-
aldehyde (Scheme 3). Compound 11 may be formed via cross-
condensation of MEK with acetaldehyde. However, 11 is
a precursor for both 12 and 16, and thus observed with lower
810 | Environ. Sci.: Atmos., 2023, 3, 799–815
relative intensity. The dimerization of 11 forms 12, and subse-
quent dehydration products, 13, 14, and 15. The structure of 14
was conrmed via MS/MS and, extended to its monomer, 11.
Briey, for m/z = 247.17 to produce a fragment at 218.12, both
14 and 11must be ethyl ketones. This structure will be possible
only with the cross-condensation of MEK enolate with acetal-
dehyde (Scheme 3). The cross-condensation of 11 with formal-
dehyde forms 16, along with its subsequent dehydration
products, 17 and 18. Furthermore, the m/z fragment at 165.09
for C8H14O2Na also forms during MS analysis due to the loss of
2H from the MEK dimer. However, for solvent-extracted
samples of MEK-adsorbed a-Fe2O3, the ratio of relative inten-
sities of 165.09/167.10 is 0.017 whereas that for NO2-exposed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 MEK degradation and cross-condensation products identified on a-Fe2O3 surfaces after reactions with NO2

a : m/z. b : Observed formula. c : Molecular formula. d : Observed with trace quantities, within acceptable mass tolerance. e : C]C was assigned
based on the most stable structure due to the formation of conjugated systems and/or MS/MS pattern. f : The structure was determined based
on the MS/MS pattern of 14 due to the lower intensity of 11. g : m/z = 165.09 also forms from MEK dimer (m/z = 167.10) due to the loss of 2H
during analysis. Here, the ratio of 165.09/167.10 is higher compared to other systems with MEK dimer indicating a second source of formation.

Scheme 3 Proposedmechanistic pathways for the formation of MEK degradation and cross-condensation products 9, 11, 12, and 16 on a-Fe2O3

surfaces in the presence of NO2 (g).
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MEK-adsorbed a-Fe2O3 is 0.041, evidence of additional sources
for the formation of the fragment at m/z = 165.09. Therefore,
these results underscore the surface-specic SOA formation on
mineral surfaces from common VOCs such as MEK in the
presence of trace gas pollutants such as NO2.
4 Conclusion

The adsorption of methyl ethyl ketone (MEK) on oxide surfaces,
specically a-Fe2O3 and TiO2, yields MEK oligomers and their
© 2023 The Author(s). Published by the Royal Society of Chemistry
dehydration products. Similar oligomer formation chemistry was
observed with authentic dust samples, Arizona Test Dust and
Gobi Dust samples. These oligomers were primarily MEK dimer,
MEK trimer, and MEK tetramer whereas these products do not
form on SiO2. The formation of these oligomers onmineral oxide
surfaces involves reactions with surface hydroxyl groups as
conrmed via isotope labeling experiments with deuteroxylated
a-Fe2O3 and TiO2 surfaces. In the presence of gas-phase water
(80%RH), surface product speciation on a-Fe2O3 surfaces shied
toward high-molecular-weight oligomers and their dehydration
Environ. Sci.: Atmos., 2023, 3, 799–815 | 811
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products, whereas for TiO2, a slight increase in high-molecular-
weight oligomers was identied. These results indicate the
important role of water molecules in these surface-mediated
oligomerization reactions that are mineral specic. Moreover,
when MEK-adsorbed mineral surfaces were exposed to NO2(g),
MEK degradation to acetaldehyde and formaldehyde on a-Fe2O3

surfaces followed by self- and cross-condensation was observed,
underscoring the specic role of mineral surface.

Overall, this study shows howmineral dust aerosol surfaces
can interact with atmospherically prevalent carbonyl
compounds that are oen regarded as too insignicant to be
involved in heterogeneous and multiphase reactions to yield
SOAs. Moreover, these compounds can be oxidized in the
presence of nitrogen oxides. These data show that small
carbonyl compounds interact with surfaces and undergo
oligomerization reactions producing high-molecular-weight
and oxygenated SOAs. Furthermore, water molecules in the
atmosphere act as a catalyst/aid in catalyzing these surface-
mediated reactions and stabilizing intermediates, thereby
enhancing the formation of these larger oligomers on mineral
surfaces that are mineral specic. Additionally, VOCs such as
MEK can undergo surface-mediated degradation in the pres-
ence of NO2, even under dark conditions irrespective of the
availability of other common oxidants such as HO, ozone, or
H2O2, thereby initiating additional aldol-condensation reac-
tions on mineral surfaces. In the environment, VOCs such as
MEK are ubiquitous, emitting from both natural and anthro-
pogenic sources. During dust transport and urban dust
episodes, these VOCs and trace gas pollutants such as NO2 can
interact with each other, forming SOAs that are more highly
oxygenated and less volatile as shown here on these different
mineral surfaces under different relative humidity. Further
reactions of these oligomers formed from MEK with other
atmospheric components may induce the formation of BrC,
and this is an area worthy of additional study. This study
suggests that heterogeneous reactions are possible pathways
for oligomerization reactions of small organic compounds and
the formation of various highly oxygenated SOAs. Further-
more, the adsorption of small carbonyl compounds on
authentic dust such as Arizona Test Dust and natural dust
samples show that these reactivities occur within these
samples and on different mineral surfaces that make up these
complex dust samples.
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