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Gas-particle reactions represent an important atmospheric heterogeneous transformation process for organic
amines (OAs). Environmental factors and particle properties may impact the gas-particle reaction products. Al-
though the products from gas-particle reactions can be monitored by various in situ techniques, related data re-
main scarce. Here, the interfacial and gaseous products from the reaction of trimethylamine on Fe,05/Fe(NO;),
particles under light irradiation with mixed NO,, O,, SO, and H,O were monitored using in-situ diffuse re-
flectance Fourier transform infrared spectroscopy and proton transfer reaction time-of-flight mass spectrome-
try. Dark reaction of gaseous trimethylamine on Fe,05/Fe(NO;); generated two interfacial products types: N-
containing ones (CH;N=CH,, CH;NO,, (CH;),NCHO, and CH;N(OH)CHO) and N-free ones (alcohols, aldehydes
and acids), both accumulating with reaction progression. Light irradiation and O, oxidation enhanced formation
of these products, while NO, promoted the production of CH;NO, and (CH;),NCHO. H,0 and SO, occupied
the active sites of particles to inhibit the formation of all products. Compared to Fe(NO;);, Fe,04 showed ab-
solute dominance in contribution to the formation of products. Considering the smaller particle size of Fe,04
and excess Fe(NO3)3, the physical mixing of them reduced the generation of interfacial products. Furthermore,
gaseous products of CH;OH, HCHO, CH;CHO, HCOOH and CH;COOH detection clarified the N-free interfacial
products. The presence of Fe(NO), inhibited the formation of HCOOH and favored the formation of CH;CHO in
the gas phase. By combining product information with thermodynamic calculations, the heterogeneous reaction
pathways of trimethylamine were tentatively proposed. These findings provide a guiding significance for the
migration of OAs in real atmospheric environment.

1. Introduction

Organic amines (OAs) are a group of unique N-containing organics
that have a great impact on global climate change, ecosystem, and hu-
man health (Duporte et al., 2016; Niu et al., 2021; Sha et al., 2021).
Biological and human activities ceaselessly release OAs such as methy-
lamine, dimethylamine, diethylamine, and trimethylamine (TMA) into
atmosphere (Huang et al., 2022b; Liu et al., 2022). These OAs then
become prone to homogeneous and heterogeneous reactions with var-
ious oxidants (such as free radicals, and O3) and particulate matter
(Arathala and Musah, 2021; Gai et al., 2010; Liu et al., 2017), produc-
ing new particles and promoting the formation of aerosols (Chen et al.,
2019; Ge et al., 2011; Liu et al., 2017; Place et al., 2017) in the atmo-
sphere. The rates of heterogenous reactions of OAs are always smaller
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than those of homogeneous reactions due to them being limited by the
physical state of reactants (Levenspiel, 1972). However, given the com-
plexity of the actual atmospheric environment, it is imperative to in-
vestigate the heterogeneous reactions between OAs and various envi-
ronmental reactants (such as particles, gas, and light) and the resulting
potential impact on atmospheric environment.

Atmospheric particles provide important interfaces for heteroge-
neous reactions of gaseous organics (Ginoux et al., 2012). As the active
component in atmospheric particles, metal oxides such as Fe,03, TiO,,
CeO,, and Co30,4 have been reported to adsorb OAs and other organ-
ics through active sites to initiate protonation or coordination reactions
(Helali et al., 2011; Lien et al., 2005; Wang et al., 2020; Zhang et al.,
2013; Zhao et al., 2020). Under light irradiation, metal oxides exhib-
ited efficient catalytic activity towards organics (Styler and Donald-
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son, 2012). In addition to metal oxides, inorganic salts such as nitrate
and sulfate were also found acting as important components on atmo-
spheric particles (Li et al., 2006). While OAs show alkaline characteris-
tics, they are prone to acid-base neutralization reaction with the inor-
ganic salts. For example, dimethylamine has been reported to react with
nitrate to form ammonium nitrate (Sorooshian et al., 2008). Therefore,
both metal oxides and inorganic salts affect the heterogeneous reaction
of OAs on atmospheric particles through various reactions such as acid-
base neutralization and photocatalytic reactions.

Furthermore, the presence of other environmental gases such as NO,,
0,, SO,, and H,0 may also affect the heterogeneous reaction of OAs on
atmospheric particles. It has been reported that O, and NO, promote the
formation of organic aerosols (Chu et al., 2016; Liu et al., 2012), while
under light irradiation, H,O generates ¢OH to further oxidize organics
(Grassian, 2001). Moreover, SO, competes with propylene and organic
acids for active sites on TiO, (Chu et al., 2019) and Fe,05 (Wu et al.,
2013; Yang et al.,, 2020). The competitive reactions on these metal
oxides generally inhibit the heterogeneous transformation of organics.
However, in the case of the coexistence of mixed environmental gases,
the promotion or inhibition of the reaction may happen at the same time
(Chen et al., 2023; Zheng et al., 2022). For example, SO, competes with
acetic acid for the active sites on Al,05 and CaCO5 (Yang et al., 2020),
however, the addition of H,O and NO, breaks the competition by pro-
moting the conversion of SO, to sulfate (Wang et al., 2022). Clearly, not
just metal oxides and inorganic salts present on atmospheric particles,
but also light irradiation and other environmental gases play an impor-
tant role in heterogeneous reactions of gaseous organics such as OAs on
particles. However, research focusing on the products of heterogeneous
reaction and the reaction pathways of OAs on atmospheric particles in
the presence of complex environmental gases is scarce in literature.

In the present study, the chemicals of TMA, Fe,03, and Fe(NO3);
were selected as a model OA, a metal oxide, and an inorganic salt, re-
spectively. The heterogeneous reaction of TMA on Fe,03/Fe(NO3); was
investigated with the presence of individual (single) and mixed environ-
mental gases (NO,, O,, SO,, and H,0) under dark and light conditions.
The in-situ diffuse reflectance Fourier transform infrared spectroscopy
(DRIFTs) and proton transfer reaction time-of-flight mass spectrometry
(PTR-TOF-MS) were used to monitor the interfacial and gaseous prod-
ucts during the reaction. Effects of various environmental factors and
properties of particles on the formation of products were discussed. Af-
ter combining the information about products with density functional
theory (DFT) calculations, the heterogeneous reaction pathways of TMA
were proposed. The coupled DRIFTs and PTR-TOF-MS in-situ detection
method was employed in this study. This methodology enabled simulta-
neous tracking of interfacial products on particles and volatile reaction
products in the gas phase under complex gas mixtures, providing unique
insights into how mixed gases and particle properties synergistically reg-
ulating TMA reaction pathways.

2. Materials and methods
2.1. Methodology

A total of 14 experiments (number as E;, E,, E;, .... Ej4) were
conducted for the heterogeneous reaction of TMA on the prepared
Fe,05/Fe(NO;); particles (Appendix A Table S1, Figs. S1 and S2).Ina
typical experiment (E;,), a mixed gas of TMA (20 ppm), NO, (50 ppm),
SO, (50 ppm), and dry air with a volumetric ratio of 1.6:1:1:0.4 (re-
spectively) was continuously introduced at a flow rate of 40 mL/min
into an in situ infrared cell containing 60 mg of Fe,03/Fe(NO3);. The
relative humidity of the mixed gas was about 40 %. A xenon lamp with
an average intensity of 205 mW/cm? (PLS-SXE300+, Beijing Perfect-
light Technology Co., Ltd., China) was used to simulate the solar light
and irradiate the particles for 30 min. The organic functional groups of
TMA and its conversion products on the particles were monitored using
DRIFTs (Thermo Fisher Nicolet iS10, Thermo Fisher Scientific, USA).
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Meanwhile, the outlet gas during the reaction was collected and diluted
with pure N, before detection by PTR-TOF-MS (PTR-TOF-MS 1000, Ion-
icon Analytik GmbH, Austria). Details about the preparation of particles
and different characterization methods used in the current work are pre-
sented in Appendix A Text S1.

2.2. Theoretical calculations

Reaction energy profiles and transition states (TS) were computed
using the Materials Studio 2020 DMol?® module. All structures were op-
timized with the PBE functional and DNP 4.4 basis set (cutoff: 4.5 A).
Initial TS searches employed the LST/QST method, followed by NEB re-
finement (8 images; force convergence: 0.05 eV/zZ\). Moreover, TS candi-
dates were confirmed by single imaginary frequencies and IRC analysis.

3. Results and discussion
3.1. Identification of interfacial products by DRIFTs

The reaction of TMA on Fe,03/Fe(NO5); for 30 min was studied un-
der dark conditions (E;) and the interfacial products were monitored
by DRIFTs. No bands were observed for pure Fe,03/Fe(NO3)3, whereas
after injecting TMA for 5 min, several bands within the range of 800-
3500 cm~! appeared. With the progress of reaction to 10 and 30 min,
the intensities of all bands gradually increased, confirming the occur-
rence of the interfacial reaction of TMA on Fe,05/Fe(NO3); under dark
conditions (Fig. 1a).

The bands within the ranges of 2700-3500 cm~! and 1900-
2600 cm~! belonged to C-H stretching vibration and the vibration of
CH; groups (Murphy et al., 1993), respectively. Meanwhile, most of
the bands within the range of 800-1300 cm~! were attributed to N-
containing group (the NC; band at 1044 cm~! and v,(C-N) band at
870, 912, 935, and 1269 cm™!) (Durgaprasad et al., 1972; Ge et al.,
2016; Gurajala et al., 1971; Murphy et al., 1993). The gradually en-
hanced intensities of above bands along with reaction time revealed
the adsorption and accumulation of either TMA or its conversion prod-
ucts on Fe,O3/Fe(NO3);. The bands at 1354, 1394 and 1684 cm™!
were attributed to v,(C-0O), §(O-H) (Busca et al., 1987; Ge et al., 2016;
Pettersson et al., 1997) and v;(C=0) (Ge et al., 2016), respectively, indi-
cating the formation of oxidized products on particles. The appearance
of C=N (935 and 1658 cm~!) and NCO groups (830 cm™!) also con-
firmed the occurrence of the reaction. These results indicated that TMA
was converted to various organic products on Fe,O3/Fe(NO3); particles
under dark conditions.

Previous studies have demonstrated that trace or organic gases
bonded onto the surfaces of various mineral particles (such as a-Fe,03)
in the dark react with active species such as active oxygen and ¢«OH
(Chen et al., 2023; Golay et al., 2022). The former mainly originated
from the adsorption of O, on the surface of mineral particles, while
the latter may arise either from the redox cycle of metal’s valence
(Fe3+/Fe?t) or from the decomposition of H,0 adsorbed on the sur-
face (Guan et al., 2014; Ma et al., 2023). As shown in Appendix A Fig.
S3a, the Fe,05/Fe(NO3), particles primarily consisted of Fe3*. How-
ever, the presence of satellite peaks in the XPS spectrum suggested that
Fe?* may be locally reduced to Fe?* during the preparation process
(Dong et al., 1998). Additionally, as shown in Appendix A Fig. S3b,
the Fe,05/Fe(NO3); particles contained three types of reactive oxygen
species: surface adsorbed oxygen, lattice oxygen and NO;~ (Cao et al.,
2002; Cheng et al., 2017). The appearance of O-containing functional
groups such as C=0, C-O, and OH provides spectroscopic evidence for
the involvement of active sites and reactive oxygen species (ROSs) in
the heterogeneous reaction of TMA on Fe,O3/Fe(NOs3)5. As reported by
Xu et al. (2011), active sites and ROSs at the interfaces of mineral parti-
cles can initiate heterogeneous reactions of gaseous organic compounds,
which is consistent with the observations made in the current work.
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Fig. 1 - DRIFTs plot of heterogeneous reactions of TMA on particles. (a) 30 min plot of E;, and (b) effects of NO,, O,, SO,, and H,O.

Moreover, DRIFTs results indicated that dark reaction of TMA on
Fe,03/Fe(NO3); particles generated nine main functional groups (C-
H, CHj, C-N, NCj, C=N, O-C-O, C=0, O-H and NO,). After compar-
ing these groups with those reported in previous works (Appendix
A Table S2), four N-containing products were identified including
CH3;N=CH,, CH3NO,, (CH3),NCHO, and CH3;N(OH)CHO along with
some O-containing organic products. Although Ge et al. (2016) reported
similar N-containing products during O; oxidation of TMA on various
inorganic salts and also proposed the formation of HCHO and HCOOH
from these compounds through either oxidation or hydrolysis reactions,
their reaction relied on O3 as the primary oxidant. Nevertheless, the
heterogeneous reaction of TMA on Fe,O5/Fe(NO3); described in this
section occurred under dark and ambient atmosphere-free conditions,
primarily driven by the synergistic action of inherent ROSs (O, Oags»
and NO5; ™) and active sites (Fe®*) at the interface of mineral particles.
This unique synergistic mechanism, which is distinct from the inorganic
salt-dominated systems, may explain the broader range of products ob-
served in the present study (such as alcohols, aldehydes, and acids, as
indicated by the presence of C-H, CH3, O-H, and C=0 bands) than those
reported in Ge et al. (2016).

In summary, in situ DRIFTs provides compelling evidence for the dark
heterogeneous conversion of TMA on Fe,03/Fe(NOs)3, yielding com-
plex oxygenated and nitrogenous products. Critically, the formation of
carbonyl (C=0) and other O-containing functional groups points to a re-
action mechanism driven by the synergistic action of ROSs (Oy,t> Oags»
and NO; ™) and Fe3+ active sites. The observed reaction pathways, which
are distinct from those reported for inorganic salt systems, likely enable
a broader range of products from TMA. Further identification of N-free
products was conducted by analyzing volatiles using PTR-TOF-MS.

3.2. Effect of key atmosphere gases on the interfacial products

To investigate the effect of key atmosphere gases on the interfacial
products, NO,, O,, SO,, and H,O were sequentially introduced into E,.
Compared to pure TMA (E,), the introduction of NO, (E;) exhibited
significant differences in the spectral band (Fig. 1b and Appendix A
Fig. S4a). More specifically, the intensity of bands associated with CHy
groups (1900-2600 cm~1) decreased, while the intensities of bands for
C-N, C=N, NO,, C-0O, C=0, and O-H groups (1269, 1354, 1394, 1513,
1580, 1658, 1684, and 1835 cm™!) increased. Concurrently, the mul-
tiplet peaks within the range of 1300-1580 cm~! were turned into a
shoulder peak. This indicated that NO, participated in the interfacial
reaction of TMA on Fe,03/Fe(NOs3); particles, leading to a decrease

532

in the content of TMA and an enhanced formation of TMA derivatives
including CH;N=CH,, CH3NO,, and (CH3),NCHO, as well as various
alcohols, aldehydes, and acids. This was attributed to NO, acting as an
oxidant, and facilitating such reactions (Taylor et al., 1980; Usher et al.,
2003; Wollenhaupt and Crowley, 2000). Upon simultaneous introduc-
tion of NO, and O, (E,4, Fig. 1b and Appendix A Fig. S4b), the spec-
tral features remained largely consistent with those of E3, though with
slight variations in the 1300-1900 cm~! region. Notably, the intensity
of §(0-H) band (1394 cm™!) increased, whereas that of v(C=0) band
(1684 cm~1) decreased. This suggested that the oxidative properties of
O, were involved in both the formation of oxygenated derivatives of
TMA (alcohols, aldehydes, and acids) and their subsequent oxidative
product ((CH3),NCHO), which was in line with its known function in
atmospheric chemistry (Chebbi and Carlier, 1996; Hoque and Kawa-
mura, 2016; Li et al., 2010; Usher et al., 2003). When H,0 was added
to NO, and O, system (Es, 40 % relative humidity (RH)), the intensities
of all spectral bands decreased compared to those of E; and E4 (Fig. 1b
and Appendix A Fig. S4¢). Among them, the 6(0-H) band (1394 cm™1)
was significantly reduced, while the v(C=0) band (1684 cm~!) almost
disappeared, indicating that H,O inhibited the reaction of TMA on par-
ticles. It is widely known that H,O gets physically adsorbed onto the
mineral surfaces, and competed with other gases to be adsorbed on the
active sites at the mineral interface (Gao et al., 2024). The contact angle
measurements further revealed that both H,O and TMA were rapidly ab-
sorbed by Fe,05/Fe(NO3)3 (contact angle of around 0°), confirming the
material’s strong hydrophilicity and affinity for TMA (Appendix A Fig.
S5). This characteristic may lead to competitive adsorption of H,O and
TMA molecules for active sites on the surface of Fe,O3/Fe(NO3); when
both gases are present, consequently suppressing the heterogeneous re-
activity of TMA on Fe,03/Fe(NO3)3.

However, the introduction of only SO, (E¢) to pure TMA system
caused a general weakening of all spectral peaks compared to those ob-
served in E; (Fig. 1b and Appendix A Fig. S4d). The bands for CH,
groups and C-H stretching (1900-3500 cm~!) almost disappeared, while
those for C-O, O-H, C-N, NO,, C=N, and C=0 (800-1900 cm™1) were
significantly attenuated. This suggested that SO, also inhibited the re-
action of TMA, which was likely due to the competition for active sites
on the surface of Fe,03/Fe(NO3)3. This is due to the reason that SO, is
adsorbed on the surfaces of iron-containing particles and reacts with re-
active species such as O, and ¢OH to form sulfite (SO32‘) and bisulfite
(HSO37) (Chung and Quon, 1973; Urone et al., 1968). When SO, coex-
ists with organic matter, it may compete for active sites on metal oxides
(Yang et al., 2021). Upon simultaneous introduction of SO, and O, (E,),
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Fig. 2 — DRIFTs plot of heterogeneous reactions of TMA on particles. (a) Effects of light and (b) effects of the properties of particles.

the intensities of all spectral bands were enhanced relative to both E;
and E4 (Fig. 1b and Appendix A Fig. S4e), indicating an increased con-
tent of TMA and its derivatives at the interface. This once again demon-
strated that the oxidative characteristic of O, not only promoted the
heterogeneous reaction of TMA, but also reversed the inhibition caused
by SO,. The reversal of SO,’s inhibition by O, is attributable to two
primary reasons: (1) the oxidation of adsorbed SO, to sulfate species by
O, (Usher et al., 2002), and (2) the replenishment of reactive oxygen
sites previously occupied by SO, (Usher et al., 2003). Consequently, the
introduction of O, enhances the overall oxidizing capacity, mitigates
the inhibitory effect of SO,, frees the occupied active sites, and restores
the reactivity towards TMA. Subsequently, adding H,O to E; system
(Eg) again led to the decreased intensity of all bands, reaffirming the
competitive inhibitory role of H,O (Fig. 1b and Appendix A Fig. S4f).
Finally, when NO,, SO,, O,, and H,O were introduced simultaneously
(Eo), the intensities of all spectral bands increased relative to the initial
pure TMA (E;) (Fig. 1b and Appendix A Fig. S4g). Further analysis
revealed that the spectral characteristics in Eq were nearly identical to
those in E,4, indicating that the strong oxidizing properties of NO, and O,
dominated the overall process, accelerating the heterogeneous reaction
of TMA on Fe,03/Fe(NO;3)5 particles in a complex mixed atmosphere.
The inhibitory effects of SO, and H,O appeared to have mitigated, pos-
sibly because either SO, was oxidized to sulfate or H,O was consumed
during the enhanced oxidation of TMA, thus reducing their abilities to
compete for active sites.

The complex atmospheric reactions mediated by multiple am-
bient gases are ubiquitous in the environment. For instance,
Wang et al. (2023) demonstrated that in urban areas, declining NO,
levels counteracted the impact of increasing O; on the concentration
levels of nitrate radical. Similarly, He and He (2020) proposed that wa-
ter enhances the O,-driven oxidation of SO, on carbonaceous aerosols
through autocatalytic dissociation into surface hydroxyl groups under
ambient conditions. Therefore, when assessing the impacts of heteroge-
neous reactions on the surfaces of atmospheric particles, the prevalence
of this phenomenon necessitates comprehensive consideration of com-
plex coupling effects between ambient atmospheres and properties of
particles.

3.3. Effect of light and properties of particles on the interfacial products

The impacts of light and the properties of particles (composition,
and physical mixture of Fe,05 and Fe(NO3);) on the reaction of TMA
on Fe,03/Fe(NO3); were further assessed. Under light irradiation alone
(E,), the distribution of functional groups remained consistent with
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those under dark condition (E;) (Fig. 2a and Appendix A Fig. S4h),
indicating a negligible photo-driven reactivity for pure TMA. However,
upon the introduction of both light and mixed gases of NO,, O,, SO,
and H,O (E;,), the band intensities for various products far exceeded
those for all other systems (E;-Eq) (Fig. 2a and Appendix A Fig. S4i).
More specifically, the new band of v, (OH) from H,O appeared at
3350 cm™! (Pettersson et al., 1997), while the bands for other functional
groups within the range of 800-1900 cm™! region persisted, suggesting
a potential synergistic mechanism between irradiated light and mixed
gases. This synergy was attributed to the photogenerated charge carriers
(e~/h*) on the surface of Fe,O3 (Kim et al., 2021) and the photolysis
of Fe(NO3)5 that produced ¢OH (Tercero Espinoza et al., 2007), as well
as e~ that reduced O, (Mu et al., 2017). Meanwhile, h* oxidized ei-
ther H,O to «OH (Chen et al., 2021) or NO, to NO;~ (Sugrafiez et al.,
2015). In the meantime, *OH oxidized SO, to SO,%~ (Cao et al., 2021).
These radical-driven oxidative reactions consumed both SO, and H,O,
thereby alleviating their competitive adsorption on active sites and ac-
celerating the oxidation of TMA. This led to an increased diversity and
abundance of products including CH3N=CH,, CH3NO,, (CH3),NCHO,
CH3;N(OH)CHO, alcohols, aldehydes, and acids.

The composition of particles also critically influenced the heteroge-
neous reaction of TMA under light irradiation. When TMA reacted on
pure Fe,05 particles (E;1, removing Fe(NO3); from Fe,03/Fe(NO3)3),
the resulting infrared spectral bands were stronger than those observed
in E;-Eq, though they were weaker than those observed in E,, (Fig. 2b
and Appendix A Fig. $4j). This indicated that Fe(NO3)5 acted as an ac-
tive substance in Fe,O3/Fe(NO3)5. The reaction mechanism of Fe(NO3)5
was attributed to its poor stability under light conditions, which read-
ily underwent photolysis to produce «OH (Gen et al., 2019; Li et al.,
2018), while simultaneously facilitating the formation of oxygen va-
cancies and Fe?* sites at the interface of Fe,O5. These synergistic ef-
fects enhanced the adsorption of O, and the transfer efficiency of elec-
trons (e~). The ion chromatography results proved the consumption of
Fe(NO3); after the reaction (Appendix A Fig. $6). Contact angle mea-
surements further demonstrated that the removal of Fe(NO3); did not
compromise the initial adsorption capacity of particles for H,O and
TMA (Appendix A Fig. S5). Consequently, in the composite particles of
Fe,03/Fe(NO3)3, Fe,03 serves as the primary reaction interface while
Fe(NO3); functions as the active precursor. The removal of Fe(NO3)5 re-
stricts the generation of ¢OH, diminishes the overall oxidizing capacity
of the system, and reduces the yield of heterogeneous reaction products
from TMA.

Given the well-established dependence of interfacial reactivity of
particulate matter on its chemical composition, the present study sys-
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Fig. 3 - PTR-TOF-MS analysis of gaseous products of TMA on Fe,05/Fe(NO;); particles (a) Qualitative analysis, and (b) quantitative analysis.

tematically compares the effects of the particle size of Fe,O3, con-
tent of Fe(NO3); in the composite particulates of Fe,O3/Fe(NO3)s,
and the configuration (composite vs. physical mixture) of Fe,O3; and
Fe(NO3); on the heterogeneous reaction of TMA. Preparation pro-
cesses and key physicochemical properties of representative samples
(Fe,03-50, Fe,03/Fe(NO3);-5, and Fe,03+Fe(NO3)3) are detailed in
Appendix A Texts S1.1 and S1.2. DRIFTs analysis of E;, (Fe;03-50,
Fig. 2b and Appendix A Fig. S4k) revealed nearly negligible spectral
signatures for TMA and its derivatives, which sharply contrasted with
the experimental observations of E;; (100 nm) system. This indicates
that both the adsorption of TMA and its subsequent surface reactivity
were significantly suppressed on Fe,03-50. It is proposed that the re-
duction in the size of solid particles may induce structural densification
(Du et al., 2020; Li et al., 2019), reduce the specific surface area, dimin-
ish physisorption capacity, and lead to the loss of active sites. Conse-
quently, while serving as the primary interface for TMA’s heterogeneous
reaction, Fe,05 underwent deactivation.

Regarding the active component, the content of Fe(NO3); in
Fe,03/Fe(NO3)3-5 was increased while the content of Fe,O3; was
reduced by shortening the heating time. When TMA reacted on
Fe,05/Fe(NO3)3;-5 (Fig. 2b and Appendix A Fig. S41), the types of
characteristic peaks observed in the IR spectra were similar to those ob-
served for E;, (Fe,03/Fe(NO3)3, 10 h), however, their intensities were
significantly lower than those observed in E;, and E;; (Fe,O3). This
suggests that excessive content of Fe(NO3); adversely affects the reac-
tivity of TMA. Xu et al. reported that an optimum ratio of the active
component to that of the support in materials was needed to induce the
synergistic effect, excessive active component may cover active sites on
the material surface, and that excessive active component may cover
active sites on the surface of material (Xu et al., 2008). Earlier findings
from E;; confirm that Fe,O4 is the primary reactive interface for the ox-
idation of TMA. In Fe,03/Fe(NO3)3-5, excessive Fe(NO3)3 likely masks
ROSs and active sites on Fe, 05, while insufficient content of Fe,0; may
limit the number of active sites. These factors collectively impair the
heterogeneous reactivity towards TMA.

In contrast, when Fe,O5 and Fe(NO3); were physically mixed (E;4),
compared to E;q and E;;, a significant attenuation in all the spectral
bands was observed (Fig. 2b and Appendix A Fig. S4m), indicating
that simple physical mixing diminished the interfacial reactivity. Pre-
vious studies have shown that thermal treatment is employed during
the preparation of multi-component materials to increase the specific
surface area and exposure to active sites (Cano-Casanova et al., 2018;
Liu et al., 2020). Based on this, it was speculated that in the physi-
cal mixture, Fe(NO3); may either block the porous structure of Fe,O3
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or cover its existing active sites. However, Fe,03/Fe(NO5); particles
likely formed a more optimum physical interface that exposed more ac-
tive sites, thereby significantly promoting the heterogeneous reaction of
TMA.

In summary, environmental factors and the properties of particles
synergistically influenced the heterogeneous conversion of TMA. On the
one hand, light in the presence of a complex gas mixtures catalyzed
the formation of reactive species (such as «OH, «O,~, and NO,), which
oxidatively consumed SO, and H,O. This process alleviated compet-
itive adsorption and accelerated the heterogeneous reaction of TMA
on Fe,03/Fe(NO3); particles. Meanwhile, properties of particles crit-
ically modulated reactivity, Fe,05 served as the primary reaction in-
terface, while Fe(NO3); acted as a radical precursor through photolytic
generation of *OH and enhancement of oxygen vacancies/Fe®" sites.
The addition of Fe(NO3); in an optimum amount was essential, as ex-
cess amounts masked active sites or ROSs on Fe, 03, while insufficient
amounts limited the production of radicals. Reduction in the size of par-
ticles (for example, 50 nm) induced structural densification, decreasing
the surface area and active sites. Composite structuring exposed more
active sites than physical mixtures, where Fe(NO3); either blocked pores
or covered interfaces.

3.4. Qualitative and quantitative analyses of gaseous products by ptr-tof-ms

To investigate the potential for interfacial products to be released
into the atmosphere, the gaseous products from E,, E;, Eq;, and Ej4
were analyzed using PTR-TOF-MS. Five oxygenated products were iden-
tified and characterized (Fig. 3a and Appendix A Fig. S7): formalde-
hyde (m/z 31.014; HCHO), methanol (m/z 33.031; CH;OH), acetalde-
hyde (m/z 45.031; CH3;CHO), formic acid (m/z 47.025; HCOOH), and
acetic acid (m/z 61.031; CH;COOH). No N-containing products were de-
tected in the gas phase because the functional groups of -NH, and -NO,
had strong chemisorption on the surfaces of metal oxides (Huang et al.,
2022a; Ling et al., 2023), leading to their retention at the interface of
Fe,05/Fe(NO5)s.

In E,, only trace amounts of CH3CHO (4.3 ppb), HCOOH (3.7 ppb),
CH3O0H (1.5 ppb), CH3COOH (1.4 ppb), and HCHO (1.2 ppb) were gen-
erated (Fig. 3b). After introducing gases and light (E;,), the concentra-
tions of CH;CHO, HCOOH, CH3;0H, CH3COOH, and HCHO increased to
59.5, 27.6, 11.0, 18.1, and 8.0 ppb, respectively, representing a 7-14
times increase compared to E,. This result corroborated the synergis-
tic oxidation mechanism involving light and environmental gases, as
discussed in Section 3.3. When Fe(NO3)3; was absent (E;;), compared to
E1o, the concentrations of CH;CHO and CH3;COOH decreased by 85.5 %
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Fig. 4 — Schematic of the mechanism of heterogeneous reaction of TMA on Fe,05/Fe(NO,); particles. Red numbers represent the reaction enthalpy (AE, kcal/mol).

and 88.3 %, respectively, while the production of HCOOH significantly
increased by 159.5 %. This accumulation of HCOOH in the absence
of Fe(NO3); suggested that Fe(NO3); was the primary adsorption and
reaction interface for HCOOH. As an effective oxidant, Fe(NO3); had
strong Lewis acid sites (ionized Fe3*) (Li et al., 2024), and was ca-
pable of efficiently adsorbing molecules containing lone pairs of elec-
trons. Therefore, HCOOH with lone pairs on both of its oxygen atoms
was likely to be strongly adsorbed onto the surface of Fe(NO3);. Com-
pared to E;;, when Fe(NO3); was physically mixed with Fe,03 (E;4),
the concentration of HCOOH decreased by 86.1 %, while the produc-
tion of CH3CHO increased by 172.3 %. These results suggested that
HCOOH may have acted as a precursor to CH;CHO. This conclusion was
consistent with the photolysis pathway of HCOOH (Wang et al., 2021;
Zhang et al., 2023), where the photolysis of HCOOH produced CHOe
radicals that subsequently underwent C-C coupling with CH; radicals
to form CH;CHO. This interfacial mediation was conclusively demon-
strated through chemisorption-driven HCOOH enrichment on Fe3* sites,
subsequent photo-conversion of adsorbed HCOOH, and > 170 % en-
hanced CH3;CHO yield under interfacial (E;4 vs. E;;). Finally, a compar-
ison between E;, and E;, revealed that the concentrations of all five
gas-phase products were lower in the physical mixture. This finding
once again supported the conclusion in Section 3.3 that the integrated
Fe,03/Fe(NO3); interface was more favorable for the heterogeneous
reaction of TMA.

The conversion of HCOOH to CH3;CHO observed on Fe,05/Fe(NO3)3
likely represents a previously less discussed atmospheric pathway for
the formation of CH3;CHO. Furthermore, the accumulation of products
such as HCOOH and CH3;CHO on particles can significantly alter key
physicochemical properties of the particulate matter, including hygro-
scopicity and efficiency to absorb light, thereby influencing the atmo-
spheric fate of mineral dust. Moreover, under simultaneous exposure
to light and ambient gases (E;y vs. E,), the concentration of gaseous
products increased by approximately 6-fold. As these oxygenated com-
pounds are established precursors to secondary organic aerosol (SOA),
heterogeneous reactions of organic amines on mineral particles under
realistic atmospheric conditions likely represent a significant source for
the formation of SOA.

3.5. Heterogeneous reaction pathways of TMA on Fe,03/Fe(NO3) 5

By integrating experimental analyses with DFT calculations, a
mechanistic pathway for the heterogeneous reaction of TMA on
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Fe,03/Fe(NO3); particles was proposed (Fig. 4, Appendix A Figs. S8-
$10 and Tables S3, S4). The reaction involved two competing path-
ways: 1) O,-initiated oxidation; and 2) eOH-initiated oxidation, which
was determined by the environmental factors and the properties of par-
ticles. At the same time, based on the information about the products,
the oxidation of N-attack and C-attack (Shen et al., 2023) sites during
the heterogeneous reaction of TMA on Fe,03/Fe(NO3); was discussed.

Initially, TMA was adsorbed on the surface of Fe,03/Fe(NO3);
through either proton transfer or acid-base interactions (Ge et al.,
2016; Shen et al., 2023). However, this process was inhibited by co-
adsorbing of various species such as SO, and H,O, which competed
for active sites, as evidenced by the weakening of infrared spectral
bands for TMA and its derivatives in Section 3.2. In Pathway 1 (O,-
initiated, N-attack), the N atom of adsorbed TMA was attacked by the
oxidation of O, (Atkinson and Pitts, 1978), forming (CH3)3NO. Ac-
cording to DFT calculations, in the presence of oxidants, (CH3)3NO
was readily decomposed to CH3NO,, which was a highly exothermic
step (AE=—114.58 kcal/mol). This was experimentally corroborated by
the significant increase in v, (NO,) band at 1580 cm~! (assigned to
CH3NO,) following the introduction of NO,. Additionally, (CH3)3NO
underwent intramolecular H-transfer to form (CHj),CH,NOH, which
was subsequently oxidized to CH;N(OH)CHO. However, the H-transfer
step possessed a high energy barrier (AE=+15.69 kcal/mol), render-
ing this route kinetically less competitive. This is consistent with
the phenomenon of fewer characteristic peaks for CH3NO, and
(CH;3),CH,NOH, as described in Section 3.2.

In Pathway 2 (eOH-initiated, C-attack), «OH attacked C-H bond
of a methyl group in TMA, generating (CH3),NCH,e radical.
This radical rapidly reacted with O, to form a peroxy radical
((CH3),NCH,00¢), which was then converted to an alkoxy radical
((CH3),NCH,0s). The (CH3),NCH,Oe radical followed two distinct
routes (Ge et al., 2016): 1) the elimination of HCHO to produce
CH3;N=CH, (AE=-25.06 kcal/mol); and 2) highly exothermic forma-
tion of (CH3),NCHO (AE=-117.48 kcal/mol). The latter route was
strongly supported by the significant enhancement of v,(C=0) band at
1684 cm~1, which was observed in the presence of NO, (Fig. 1b, E3).
Subsequently, (CH3),NCHO was further oxidized to HCOOH, which was
consistent with the observed decrease in the band intensity of 1684 cm™!
and the concurrent increase in the intensity of §(0-H) band at 1394 cm™!
under O, exposure. The subsequent fate of HCOOH bridged the interfa-
cial and gas-phase chemistries. As demonstrated in Section 3.4, HCOOH
was adsorbed by Fe(NO3)3, which promoted its photolysis to gener-
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ate ¢CHO radicals. These radicals acted as key precursors that under-
went C-C coupling reactions with CH; radicals to produce CH3CHO
and CH3COOH (Wang et al., 2021; Zhang et al., 2023). Moreover,
CH3OH was likely formed through the reaction between CH; and «OH
(Srinivasan et al., 2007; Vasudevan et al., 2008).

Through a synergistic approach combining DRIFTs, PTR-TOF-MS,
and DFT calculations, the present study elucidates a novel C-attack-
dominated mechanism for the formation of CH3;0H, CH3CHO, and
CH3;COOH during the reaction of TMA on Fe,03/Fe(NO3); particles.
This mechanism is driven by the unique interfacial properties of the
proposed catalyst and stands in contrast to previously established N-
attack pathways. More specifically, Fe3* Lewis acid sites, along with
interfacial ROSs (O,45/O1,1t), Synergistically polarize the C-H bonds in
TMA (Wang and Wang, 2018; Wang et al., 2025), making them highly
susceptible to nucleophilic attack by ‘OH radicals (contrasting with the
N-attack pathway driven by electrophilic O3 (Ge et al., 2016). Further-
more, DFT calculations confirm the thermodynamic dominance of this
C-attack (Pathway 2), showing the formation of (CH3),NCHO and its
subsequent oxidation to HCOOH/CH3;CHO, which is highly exothermic
(AE=—117.48 kcal/mol). This theoretical finding is strongly corrobo-
rated by quantification conducted using PTR-TOF-MS, which identifies
CH3CHO as the principal gas-phase product, accounting for 48 % of the
total yield and thus explaining its high concentration.

4. Conclusions

The present study elucidated the impacts of environment factors
(NO,, O,, SO,, H,0, and light) and properties of particles on the prod-
ucts of TMA’s heterogenous reaction on Fe,03/Fe(NO3); particles by
using a combined approach of DRIFTs, PTR-TOF-MS, and theoretical
simulations. Nitrous oxide (NO,) enhanced the consumption of TMA
and promoted the formation of specific derivatives, while O, favored
the production of more highly oxidized compounds. In contrast, SO,
and H,O inhibited the reaction through competitive adsorption for ac-
tive sites. A powerful synergistic effect between light and complex gas
mixtures was observed that accelerated the conversion of TMA and the
oxidative removal of SO,/H,0. Additionally, Fe,O5 served as the pri-
mary reactive interface for TMA, while Fe(NO3); acted as a key pho-
tochemical promoter by providing an additional source of «OH. How-
ever, reduction in the size of Fe,O5 particles and increased amount of
Fe(NO3); adversely affected both the structure of particles and the ac-
tive sites. Crucially, the composite material of Fe,O5/Fe(NO3)3; was far
more reactive than a simple physical mixture of individual components.
Mechanistic analysis provided a comprehensive framework connecting
the interfacial and gas-phase chemistries. It should be noted that the
fixed concentrations of complex gas mixtures limited the extrapolation
of our findings to dynamic environmental scenarios. Future work should
employ online dynamic dilution systems to precisely control gas concen-
tration gradients simulating atmospheric variability. This work provides
critical insights into the heterogeneous chemistry of OAs on mineral par-
ticles in atmosphere, with significant implications for the formation of
secondary organic aerosols and atmospheric nitrogen cycling.
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