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G R A P H I C A L A B S T R A C T

A B S T R A C T

Heterogeneous reactions of various atmospheric gaseous pollutants on particle surfaces are important pathways
for the formation of secondary aerosols. However, these heterogeneous reactions are inevitable affected by each
other in the real atmosphere. In this study, the impacts of the heterogeneous uptake of NO2 on the conversion of
acetaldehyde on the particle surfaces in the absence and presence of simulated solar irradiation were in-
vestigated by using diffuse reflectance infrared spectroscopy (DRIFTS) at 298 K. It is found that in the absence of
simulated solar irradiation the hydration reaction and subsequent polyoligomeric reaction as well as oligomeric
reaction of CH3CHO are promoted by the pre-adsorption of NO2 for a short reaction time, but these reactions are
significantly hindered, accompanied with the slightly enhanced formation of crotonaldehyde and adsorbed
acetate by the pre-adsorption of NO2 for a longer time. In the presence of simulated solar irradiation, the oc-
currence of the aldol condensation and the oxidation of CH3CHO are promoted by the combined impacts of
illumination, hydrogen bond (H-bond) catalysis, the enhanced surface acidity and the formed nitrite and nitrate,
especially, the photolysis of the formed nitrite and nitrate, whereas the hydration reaction and subsequent
polyoligomeric reaction as well as oligomeric reaction of CH3CHO molecules are suppressed. Meanwhile, the
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hydrogen bond catalysis for aldol condensation is significantly enhanced by light irradiation, showing a com-
bined result of hydrogen bond catalysis and illumination. The heterogeneous reaction mechanism is proposed,
and atmospheric implications based on these results are discussed in this study.

1. Introduction

In recent years, rapid urbanization and industrialization have re-
sulted in serious air pollution in many cities and regions in China, and
haze episodes have occurred frequently. In the haze episodes, nitrate
pollution presents increasing trend due to SO2 emission control strate-
gies of China and rapid increase of NOx emitted from dramatically in-
creased vehicle population. As an important component of atmospheric
pollutants and an important precursor of atmospheric secondary nitrate
and ozone, NO2 mainly originates from anthropogenic emissions and
can undergo various reaction processes (Goodman et al., 1998). Het-
erogeneous processes of NO2 have received increasing attention be-
cause it accounts for the enhanced formation and accumulation of ni-
trate aerosol in haze events (Han et al., 2016; Liu et al., 2012; Wu et al.,
2013). The studies of heterogeneous reactions of NO2 on various par-
ticle surfaces have proved that NO2 is easily adsorbed on sea salt, black
carbon, mineral oxides and other particles, and converted into adsorbed
products such as adsorbed nitric acid, nitrates and nitrites (Laskin et al.,
2002; Thevenet et al., 2015; Usher et al., 2003; Zhang et al., 2012). As a
more effective oxidant compared with oxygen, NO2 can oxidize SO2

into sulfate after capturing SO2 into aerosol particles through the sy-
nergistic effects of NO2 and SO2 on different particle surfaces (Liu et al.,
2012), and thus lead to the aggravation of severe haze pollution (Cheng
et al., 2016). In addition, as one of the most common components of
secondary aerosols (Dentener et al., 1996), the formed nitrate can en-
hance hygroscopic properties of original particulates and result in the
change of physicochemical properties (Hoffman et al., 2004). For ex-
ample, Kong et al. reported that nitrate can accelerate the formation of
sulfate during the heterogeneous reaction of SO2 (Kong et al., 2014).
Furthermore, surface formed nitrate can also undergo photolysis to
produce OH radical and O (3P) (Goldstein and Rabani, 2007;
Schuttlefield et al., 2008). These active species are important oxidants
for the oxidation and removal of other atmospheric trace gases in-
cluding gas-phase inorganic and organic pollutants (Budiman et al.,
2016; Ma et al., 2013). However, the research on the impacts of the pre-
adsorption of NO2 on the heterogeneous reactions of other atmospheric
pollutants in the absence and presence of light irradiation is still lim-
ited.

Acetaldehyde is a typical volatile organic compound, and it can be
produced from atmospheric photochemistry of VOCs (Wang et al.,
2015; Yang et al., 2018). Acetaldehyde is also a precursor in the pho-
tochemical formation of tropospheric ozone (Duan et al., 2008). It can
be adsorbed on the particle surfaces through the interaction of carbonyl
group with surface hydroxyl group and Lewis acid site, and be con-
verted into surface acetate and other organic species via various het-
erogeneous reactions (Guil et al., 2005; Li et al., 2001; Natal-Santiago
et al., 1999; Rasko and Kiss, 2005; Wu et al., 1998). CH3CHO can be
weakly and reversibly physisorbed on SiO2 particle surfaces through
hydrogen-bonding interaction between carbonyl group and surface
hydroxyl group (Kydd et al., 2009; Li et al., 2001; Natal-Santiago et al.,
1999; Rasko and Kiss, 2005), while on α-Al2O3, CaO, and TiO2 surfaces
CH3CHO can undergo heterogeneous reactions to yield irreversibly
adsorbed unsaturated carbonyl compounds with higher molecular
weight. For example, two acetaldehyde molecules on these particle
surfaces can undergo aldol condensation reaction to produce 2-butenal
via the intermediate product 3-hydroxy-butanal (Batault et al., 2015;
Duan et al., 2008; Kydd et al., 2009; Rasko and Kiss, 2005). Theoretical
studies also indicated that silicate, SiO2 and TiO2 are good sinks for
various aldehyde including CH3CHO (Iuga et al., 2010; Ji et al., 2015;
Yao et al., 2017), and CH3CHO can be trapped on silicate and TiO2

surfaces through different surface atoms (Iuga et al., 2010; Yao et al.,
2017), especially, its adsorption complex structure on silicate can de-
termine the subsequent path of its reaction with ·OH radicals (Iuga
et al., 2010). In addition, in the presence of H2O, CH3CHO can undergo
heterogeneous uptake to form gem-diol and its dimer through the in-
teraction of CH3CHO with Lewis acid, and the pre-adsorbed SO2 sig-
nificantly hinders oxidation of acetaldehyde to acetate (Zhao et al.,
2015). Up to now, few studies have been carried out on the hetero-
geneous reaction of acetaldehyde, and the impacts of the heterogeneous
reaction of NO2 and its products on the conversion of acetaldehyde
remain unclear.

Mineral aerosol is one of the important components of atmospheric
aerosols (Xu et al., 2011). They play a significant role in atmospheric
heterogeneous processes and new particle formation (Liu et al., 2012;
Ma et al., 2008; Nie et al., 2014; Palacios et al., 2016; Shen et al., 2016),
and therefore the significant influence of mineral aerosol on tropo-
spheric chemistry has attracted great attention (Bauer et al., 2004;
George et al., 2007; Usher et al., 2002, 2003). For instance, the new
particle formation and growth rates in the real atmosphere can be en-
hanced during the dust episodes due to the influence of photo-induced,
dust surface-mediated reactions (Nie et al., 2014). Some studies have
begun to focus on the impact of pre-adsorption of one trace gas on the
subsequent uptake and reaction processes of other gaseous pollutants
on the mineral aerosols. For example, the study of synergistic reaction
mechanism between SO2 and NO2 revealed that the heterogeneous re-
action pathway of NO2 adsorbed on alumina can be altered in the
presence of SO2, while the presence of NO2 also promotes the oxidation
of SO2 (Ma et al., 2008). In addition, the pre-adsorption of SO2 on α-
Fe2O3 can hinder the heterogeneous oxidation of CH3CHO to acetate,
while the pre-adsorption of CH3CHO has significant effects on the
heterogeneous reaction of SO2 (Zhao et al., 2015). Meanwhile, inhibi-
tion of heterogeneous reaction between SO2 and HCOOH was demon-
strated in previous study (Tong et al., 2010; Wu et al., 2011). However,
the studies on these aspects remain limited, and the research in this
field still needs further exploration. Alumina is a major component of
mineral aerosol. As one type of alumina, γ-Al2O3 is frequently used as a
model for mineral aerosol to obtain useful spectral information about
various heterogeneous reactions due to its superior reactivity and high
surface area (Baltrusaitis et al., 2007; Börensen et al., 2000). Therefore,
it is interesting to study the complex heterogeneous reactions of at-
mospheric trace gases by using γ-Al2O3 as the model compound.

In this study, the effect of NO2 pre-adsorption on the heterogeneous
reaction of acetaldehyde on the surface of γ-Al2O3 was explored by
using diffuse reflectance infrared spectroscopy (DRIFTS). This study
facilitates a better understanding of the heterogeneous reactivity of
atmospheric trace gases and of the formation mechanisms and pro-
cesses of aerosol surface products in real atmosphere, and thus sheds
light on topics of secondary aerosol formation, air pollution, atmo-
spheric chemical modelling and pollution control strategy.

2. Experimental section

2.1. Chemicals

In this study, commercially available γ-Al2O3 powders (99.997%
purity, surface area: 50m2/g) purchased from Alfa Aesar were used for
acquirement of spectral information. The humid γ-Al2O3 powders were
prepared as before (Sun et al., 2016). In brief, the dried γ-Al2O3 par-
ticles were kept in a desiccator for 48 h where the sample powder was
equilibrated at 68% relative humidity. The relative humidity was
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controlled with a saturated solution of potassium iodide (Sigma-Al-
drich). The humid sample was still loose, fine powder after the equili-
bration, and this treatment caused some adsorbed water molecules to
be present on the humid sample. CH3CHO (100 ppm, CH3CHO /N2)
(Shanghai Qingkuan Chemical Co., Ltd) was used as reactant gas. NO2

(200 ppm, NO2/N2) was used as influence gas of CH3CHO. O2 (99.999%
purity, Shanghai Qingkuan Chemical Co., Ltd) and N2 (99.999% purity,
Shanghai Qingkuan Chemical Co., Ltd) were introduced into reaction
chamber through gas dryers before use.

2.2. In situ DRIFTS experiment

In this study, the heterogeneous reaction of CH3CHO with γ-Al2O3

has been studied by using in situ DRIFTS as before (Sun et al., 2016;
Zhao et al., 2015). The DRIFTS spectra were recorded on the Nicolet
Avatar 360 FTIR spectrometer, equipped with a Spectra-Tech diffuse
reflectance accessory and a high-sensitivity mercury cadmium telluride
(MCT) detector cooled by liquid N2. γ-Al2O3 powders were placed into
the ceramic crucible in the chamber and controlled temperature by
using an automatic temperature controller. The synthetic air (21% O2

and 79% N2) at a total flow rate of 100mL/min was introduced for
60min to purge the reaction chamber and γ-Al2O3 powders. After the
purge by synthetic air, a mixture of NO2 (1.12× 1015 molecules cm−3),
O2 (21% v/v), and N2 (79% v/v) was introduced into the chamber to
react with γ-Al2O3 for different reaction times, and then synthetic air
was used to purge the chamber for 60min again, A background spec-
trum was recorded. After collecting the background spectrum, a mix-
ture of gases [(CH3CHO) (79mL/min) with O2 (21mL/min)] was in-
troduced into the chamber at a total flow rate of 100mL/min for
60min, and the spectrum was collected automatically every 10min
during the reaction processes. All the IR spectra were recorded with a
resolution of 4 cm−1 for 100 scans. The data accuracy was ensured by
repeated measurements. Simulated solar irradiation was provided by a
250W xenon lamp coupled with an optical fiber (model CEL-TCX250,
Beijing Jin Yuan Science and Technology Co., Ltd.).

3. Results and discussion

To investigate the impact of heterogeneous uptake of NO2 on the
heterogeneous reaction of acetaldehyde in the absence and presence of
simulated solar irradiation, the following aspects were studied: 1)
Investigation of heterogeneous process of NO2; 2) Investigation of
heterogeneous conversion of acetaldehyde on γ-Al2O3 particles pre-
adsorbed by NO2 for different times in the absence and presence of
simulated solar irradiation.

3.1. Uptake of NO2 on the surface of γ-Al2O3 particles

Fig. 1a shows the surface reaction products formed during the
heterogeneous reaction of NO2 on the surface of humid γ-Al2O3 in the
absence of simulated solar irradiation. There are many positive peaks
appeared, most of these peaks are increased with the reaction time.
According to the peak assignments of previous studies, the main pro-
ducts of heterogeneous reaction of NO2 on the surface of humid γ-Al2O3

are nitrite and nitrate (Sun et al., 2016). The peaks at 1343, 1404, 1504,
1540, and 1616 cm−1 are assigned to adsorbed nitrate. The peak at
1540 cm−1 represents the monodentate nitrate, the peaks at 1343 and
1404 cm−1 represent the water-solvated nitrate, the peaks at 1504 and
1616 cm−1 are assigned to bridging nitrate (Goodman et al., 1998; Wu
et al., 2013). The peak at 1242 cm−1 is attributed to nitrite, which
increases at the beginning of reaction and then gradually disappears.
This peak reaches maximum after the introduction of NO2 for 30min,
and disappears after the introduction of NO2 for 90min, indicating
nitrite is an intermediate during the introduction of NO2.

Many studies demonstrated that the adsorption of NO2 on γ-Al2O3

surfaces can result in the formation of both adsorbed nitrate and nitrite

(Börensen et al., 2000; Ma et al., 2008; Underwood et al., 1999; Wu
et al., 2013; Szanyi et al., 2007), and the formed nitrite is usually
considered to be an intermediate in the oxidation of NO2 to surface
nitrate species (Ma et al., 2008; Wu et al., 2013). For example, Börensen
et al. (2000) investigated the reaction of NO2 with γ-Al2O3 and found
that the nitrite peak grows fast in the beginning of the reaction, reaches
a maximum, and decreases in intensity as the reaction proceeds. They
also found that the reaction time after which the nitrite peak has
reached its maximum integrated absorbance strongly depends on the
NO2 concentration; at high NO2 concentrations, the maximum is
reached within a short time, and then subsequent decay of nitrite has
been observed. Underwood et al. (1999) found that gas-phase NO2 can
react on γ-Al2O3 particle surfaces to yield surface nitrite, and they
suggested a two-step mechanism in which NO2(g) is initially adsorbed
as a nitrite species which subsequently reacts with another surface ni-
trite or additional NO2 (g) to form surface nitrate and gas-phase NO. Wu
et al. (2013) found that nitrite is an intermediate product and it exists as
bidentate nitrite during the heterogeneous reaction of NO2 on γ-Al2O3

particle surfaces. They suggested that surface bidentate nitrite begin to
be oxidized to bidentate nitrate by gas-phase NO2 when most of the
surface reactive sites are taken up by surface nitrite and nitrate. In their
study, gas-phase NO during the oxidation of nitrite is not observed
because it is oxidized to NO2 quickly in the presence of excess O2. In our

Fig. 1. DRIFTS spectra of surface products as a function of reaction time during
the reaction of humid γ-Al2O3 with NO2 in the absence of simulated solar ir-
radiation (a) and in the presence of simulated solar irradiation (b).
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study, surface nitrite is also found to be an intermediate product during
the heterogeneous reaction of NO2 on the surface of humid γ-Al2O3 in
the absence of simulated solar irradiation. This result is consistent with
previous studies (Börensen et al., 2000; Ma et al., 2008; Underwood
et al., 1999; Wu et al., 2013; Szanyi et al., 2007). It should be pointed
out that the mechanism of NO2 adsorption on γ-Al2O3 surfaces postu-
lated by Underwood et al., (1999) suggested that NO2 can react directly
on γ-Al2O3 particle surfaces to yield surface nitrite followed by oxida-
tion to nitrate. In fact, the peaks of both nitrite and nitrate species are
observed in the early spectra (Fig. 1a), which implies that nitrite and
nitrate species should be yielded synchronously. Therefore, in the ab-
sence of simulated solar irradiation, the likely reaction mechanism for
the heterogeneous reaction of NO2 on humid γ-Al2O3 is as follows.

Initially, gas-phase NO2 is adsorbed onto the surface of γ-Al2O3

through interaction between NO2 and surface OH group of the γ-Al2O3.
In the next reaction step a disproportionation of two adsorbed NO2

molecules results in surface-coordinated nitrate and nitrite species
(Börensen et al., 2000; Wu et al., 2013). The formed nitrate and nitrite
species are coordinated to the surface in several different ways, such as
monodentate, bidentate, and bridging. The intermediate nitrite exists as
bidentate nitrite. As the reaction proceeds, the formed surface nitrite
can then react with either; another surface nitrite in a Langmuir-Hin-
shelwood type mechanism, or the introduced NO2 (g) in an Eley-Rideal
type mechanism. In either case the result is the decay of surface nitrite
and the formation of surface nitrate and gas-phase NO formation
(Börensen et al., 2000; Underwood et al., 1999; Wu et al., 2013),
though gas-phase NO is not observed in our experiments due to the
presence of O2 and the detection limit of DRIFTS technique. However, it
was indeed observed by Underwood et al., (1999). These reactions fi-
nally lead to the disappearance of the peak assigned to adsorbed nitrite.

In addition, during the reactions of humid γ-Al2O3 with NO2 in the
absence of simulated solar irradiation, a weak broad absorption peak
extending from 3700 to 2600 cm−1 slowly increases in intensity with
the increase of reaction time. This broad peak is primarily associated
with O–H vibrations of hydrogen-bonded OH groups of acid (Börensen
et al., 2000; Goodman et al., 1999; Ramazan et al., 2006; Finlayson-
Pitts et al., 2003). That is, the observed acidic OH vibrations are caused
by adsorbed HNO3 or HONO, which are in equilibrium (1, 2) with ni-
trate and nitrite ions and surface-adsorbed water (Börensen et al.,
2000):

{(AlO)+ NO3
−} + H2O ⇋ {AlOOH···HNO3} (1)

{(AlO)+ NO2
−} + H2O ⇋ {AlOOH···HONO} ⇋{AlOOH} + HONO (2)

It should be pointed out that the adsorbed HNO3 and HONO can also
be formed from the reaction of NO2 with surface adsorbed water due to
the presence of adsorbed water on humid γ-Al2O3 (Jenkin et al., 1988;
Kleffmann et al., 1998; Langer et al., 1997), and they also participate in
the equilibrium (1, 2). Therefore, an alternate mechanism involving the
decrease of the initially observed nitrite peak and the formation of
surface nitrate is based on that proposed by Börensen et al. (2000). That
is, this phenomenon can be explained by a change in pH at the surface
caused by the loss of surface OH groups. During the course of the re-
action the number density of {AlOOH} sites decreases and consequently
equilibrium (2) is shifted to the right side with associated release of
HONO to the gas phase. In contrast, the “sticky” nitric acid that is
formed in equilibrium (1) remains at the surface. Moreover, further
reactions of nitrous acid are also possible, that is, disproportionation to
nitric acid and nitric oxide (NO) (Börensen et al., 2000). These reactions
also lead to the disappearance of adsorbed nitrite.

As described in the introduction, the reaction pathway of NO2 ad-
sorbed on γ-Al2O3 can be altered by the presence of SO2, and in the
absence of SO2, nitrite is found to be an intermediate in the oxidation of
NO2 to surface nitrate species, while in the presence of SO2, the for-
mation of nitrite is inhibited and N2O4 becomes a new intermediate in
the process of the adsorbed nitrate formation (Ma et al., 2008).

Therefore, no peak at 1300 cm−1 indicates no formation of N2O4 in our
study because our experiment was carried out in the absence of SO2.
This result is consistent with that reported by Ma et al. (2008), implying
that the oxidation reaction from N2O4 can be excluded in our following
study.

Fig. 1b shows the surface reaction products formed during the
heterogeneous reaction of NO2 on the surface of humid γ-Al2O3 in the
presence of simulated solar irradiation. The peaks appeared at 1343,
1404, 1504, 1540, and 1616 cm−1 are assigned to adsorbed nitrate.
These peaks increase with the reaction time. However, different from
the heterogeneous reaction of NO2 on the surface of humid γ-Al2O3 in
the absence of simulated solar irradiation, the peak at 1242 cm−1 does
not appear, indicating that there is no adsorbed nitrite formed in the
presence of simulated solar irradiation. In addition, under the same
reaction conditions, the formation of nitrate in the presence of simu-
lated solar irradiation is less than that in the absence of simulated solar
irradiation. One possible explanation is that the photolysis of the
formed nitrite and nitrate reduces the yield of surface nitrite and ni-
trate, and results in the disappearance of nitrite.

Therefore, in this study, NO2 pre-adsorption was mainly used to
provide surface adsorbed nitrite and nitrate, and after the pre-adsorp-
tion of NO2, the sample was purged with synthetic air for 1 h to exclude
the influence of physical adsorbed NO2. According to the results men-
tioned above, in the absence of simulated solar irradiation, the het-
erogeneous reaction of NO2 on the particle surfaces for 30min is a
source of co-adsorbed nitrite and nitrate, and the introduction of NO2

for 90min is used to ensure that the formed nitrite on the surfaces of
particles has been transformed into nitrate completely.

In addition, it should be pointed out that the consumption of OH
groups is observed because that only one negative peak at 3705 cm−1

increases with increasing reaction time. This peak is assigned to the OH
groups coordinated with two aluminum atoms (Sun et al., 2016). No
consumption of isolated OH groups is observed during the hetero-
geneous reaction, which is featured by the peak at 3735 cm−1.

3.2. Heterogeneous reaction of acetaldehyde on humid γ-Al2O3 in the
absence of irradiation

The DRIFTS spectra during the heterogeneous reaction of CH3CHO
(79 ppm) on humid γ-Al2O3 are shown in Fig. 2a. The peaks at 3735,
3000, 2947, 2906, 2862, 1716, 1682, 1652, 1457, 1400, 1376, 1346
and 1179 cm−1 are observed, and most of the peaks increases with the
reaction time except for the peak at 1652 cm−1. The peak at 1652 cm−1

decreases with the reaction time. These results are consistent with
previous studies (Chang et al., 2008; Ordomsky et al., 2010; Yang et al.,
2017). Based on the previous studies, the negative peak at 3735 cm−1 is
assigned to isolated surface OH groups. The peaks at 3000 cm−1

(νas(CH3)), 2947 cm−1 (νas(CH3)), 2906 cm−1 (ν(CH)), 2862 cm−1

(ν(CH)) are assigned to paraldehyde or metaldehyde produced through
the oligomeric reaction of acetaldehyde (Chang et al., 2008; Ordomsky
et al., 2010; Yang et al., 2017). All the peaks at 1716, 1682 and
1652 cm−1 are attributed to ν(C=O), indicating the formation of
physisorbed CH3CHO, chemisorbed CH3COOH and chemisorbed
CH3CHO, respectively (Zhao et al., 2015). The peaks at 1400 cm−1,
1376 cm−1, 1346 cm−1 are assigned to δs(CH3), which are due to the
formation of oligomeric products of acetaldehyde (Ordomsky et al.,
2010). The peaks at 1457 cm−1 and 1179 cm−1 are assigned to
δas(CH3) and ν(C-O-C), respectively, representing the formation of small
amounts of gem-diol [CH3CH(OH)2] and dimer [CH3CH(OH)-OCH
(OH)CH3], indicating the occurrences of the hydration of CH3CHO and
subsequent polymerization reaction of hydration product under the
catalysis of Lewis acid sites (Ordomsky et al., 2010). The decrease of the
peak at 1652 cm−1 demonstrates the conversion of chemisorbed
CH3CHO into other species with increasing reaction time. Meanwhile,
this result also suggests that the formation rate of chemisorbed CH3CHO
is faster than the consumption rate of chemisorbed CH3CHO at the
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initial stage of reaction, which leads to the presence of surface chemi-
sorbed CH3CHO. However, as the reaction proceeds, the rate of the
latter is much faster than the rate of the former, though more physi-
sorbed CH3CHO is formed with the increase of reaction time. This leads
to a decrease in the number of chemisorbed CH3CHO molecules. In
short, the appearance of these positive peaks demonstrates that com-
plicated heterogeneous reactions occur when acetaldehyde is in-
troduced, leading to the formation of various products on the particle
surfaces, such as physically and chemically adsorbed acetaldehyde,
hydrated acetaldehyde, dimerization glyoxylic, and metaldehyde.

Fig. 2b shows the DRIFTS spectra during the heterogeneous reaction
of CH3CHO on the humid γ-Al2O3 surfaces pre-adsorbed by NO2 for
30min. Compared to those peaks in Fig. 2a, the positive peaks at 1400,
1346 and 1179 cm−1 increases greatly, which indicates the production
of more gem-diol, dimer and oligomer of acetaldehyde (Ordomsky
et al., 2010). This result demonstrates that the hydration reaction and
subsequent polyoligomeric reaction as well as oligomeric reaction of
CH3CHO are promoted by the pre-adsorption of NO2 for a short reaction
time.

However, obvious differences are observed when NO2 is introduced
for 90min (Fig. 2c). Compared to Fig. 2a and b, physisorbed CH3CHO
shown by the peak at 1716 cm−1 presents a marked increase and then
gradually keeps steady with increasing reaction time, while the peak at
1652 cm−1 which is assigned to chemisorbed CH3CHO disappears. The
results may imply that physisorbed CH3CHO can be hindered to convert
into chemisorbed CH3CHO or rapid secondary reaction of chemisorbed
CH3CHO occurs with the continuous introduction of CH3CHO on the
humid γ-Al2O3 pre-adsorbed by NO2 for 90min, suggesting that the
heterogeneous reaction of NO2 and the formed nitrate may greatly in-
fluence the formation of chemisorbed CH3CHO. New peak at
1669 cm−1 is observed clearly, this peak is assigned to the carbonyl of
crotonaldehyde, indicating the occurrence of aldol condensation
(Ordomsky et al., 2010; Singh et al., 2008; Stefanov et al., 2014).
Previous studies indicated the aldol condensation of acetaldehyde
proceeds via acidic mechanism initiated on the surface of γ-Al2O3

(Ordomsky et al., 2010). In this study, the γ-Al2O3 surface acidity can
be enhanced by pre-adsorption of NO2, which may promote the for-
mation of crotonaldehyde by the pre-adsorption of NO2. In addition,
another new peak at 1576 cm−1 is also observed, which is assigned to
νas(COO), indicating the formation of absorbed acetate (Lee and
Condrate, 1999). Compared to the Fig. 2a and b, this result indicates
that the formed nitrate through the heterogeneous uptake of NO2 on the
γ-Al2O3 surface can enhance the surface oxidation ability and promote
the formation of adsorbed acetate. The intensities of the peaks at 1457,
1400, 1376 and 1179 cm−1 obviously decreases compared to those in
Fig. 2a and b, indicating the oligomeric reactions of CH3CHO, the hy-
dration of CH3CHO and subsequent polymerization reaction of hydra-
tion product are hindered after the introduction of NO2 for 90min. As is
well known, the oligomeric reactions of CH3CHO and the hydration of
CH3CHO and subsequent polymerization reaction of hydration product
are acid-catalyzed (Ordomsky et al., 2010), while the surface acidity
increases with the introduction of NO2. However, these reactions have
been suppressed as shown in Fig. 2c. A possible explanation for the
decrease of these peaks is that the active sites for oligomeric reaction,
hydration reaction and subsequent polymerization reaction on the
surface of particles are reduced greatly by the pre-adsorbed NO2 for a
longer reaction time. The absorbed NO2 not only consumes a portion of
absorbed water but also consumes active sites including surface hy-
droxyl groups and Lewis acid sites in the process of pre-absorption
(Jenkin et al., 1988; Zhao et al., 2015).

Fig. 2. DRIFTS spectra of surface products as a function of reaction time during
the reaction of acetaldehyde with humid γ-Al2O3 in the absence of irradiation.
(a) γ-Al2O3, (b) γ-Al2O3 pre-adsorbed by NO2 for 30min, (c) γ-Al2O3 pre-ad-
sorbed by NO2 for 90min.
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In addition, compared the blank experiment (experiment involving
no NO2 pre-adsorption, see Fig. 2a) with the control experiments (ex-
periment involving NO2 pre-adsorption, see Fig. 2b and c), the con-
sumption of surface hydroxyl has an obvious difference among the
three experiments. Generally, acetaldehyde can interact with surface
adsorbed H2O, surface OH groups and Lewis acid sites during its het-
erogeneous reaction, while NO2 can also consume surface adsorbed
H2O and OH groups as shown in Fig. 1a (Ordomsky et al., 2010; Rasko
and Kiss, 2005). During the blank experiment, only one negative peak
at 3735 cm−1 is observed in Fig. 2a, indicating that acetaldehyde is
inclined to be adsorbed onto γ-Al2O3 via the isolated surface hydroxyl
groups, consistent with previous studies (Li et al., 2001; Ordomsky
et al., 2010; Sun et al., 2016). However, besides the peak at 3735 cm−1,
a new negative peak at 3705 cm−1 is detected in the control experiment
for 30min (Fig. 2b), while this negative peak is more obvious when γ-
Al2O3 is pre-adsorbed by NO2 for 90min (Fig. 2c). As discussed above,
the major active sites for the heterogeneous conversion of NO2 on the
surface of γ-Al2O3 are isolated OH groups (Sun et al., 2016). Therefore,
these results indicate that the isolated OH groups is not completely
exhausted during the pre-adsorbed of NO2 for 30min and 90min, while
the pre-adsorption of NO2 promotes the consumption of the hydroxyl
coordinated with two aluminum atoms. In conclusion, all the results
mentioned above indicates that the pre-adsorption of NO2 and the
formed different products have complicated and significant impacts on
the subsequent heterogeneous reaction processes of CH3CHO and its
products, showing the complexity of the heterogeneous reaction of
CH3CHO on mineral aerosols. This study only takes into consideration
the impact of pre-adsorption of NO2 on the heterogeneous conversion of
CH3CHO on γ-Al2O3, and it is found that the heterogeneous reaction
pathways and reaction products of CH3CHO are greatly affected by the
pre-adsorption of NO2, irradiation and humidity. However, complex
gas- and particle-phase compositions and variable meteorological con-
ditions in the real atmosphere can provide more impact factors and thus
lead to a wide variety of effects on the heterogeneous reaction processes
of CH3CHO. Therefore, the results of this study also suggest the com-
plicated heterogeneous reaction processes of CH3CHO in the real at-
mosphere.

3.3. Heterogeneous reaction of acetaldehyde on humid γ-Al2O3 in the
presence of irradiation

Considering that the photolysis of the formed nitrite and nitrate can
produce active species such as OH radical and reactive oxygen species,
and these species may play important roles in the heterogeneous re-
action processes of CH3CHO and the formation of products, the het-
erogeneous reactions of acetaldehyde on γ-Al2O3 pre-adsorbed by NO2

under simulated solar irradiation were investigated. Fig. 3 shows
DRIFTS spectra of surface products during the heterogeneous reactions
of CH3CHO on the surface of γ-Al2O3 under illumination. For the het-
erogeneous reaction of acetaldehyde on γ-Al2O3 untreated by NO2, a
main peak at 1669 cm−1 and several weak peaks at 1716, 1576, 1457,
1400 and 1346 cm−1 are observed in Fig. 3a, indicating the formation
of crotonaldehyde, physisorbed CH3CHO, chemisorbed acetate and
oligomeric acetaldehyde, respectively. Compared to those in Fig. 2a, no
obvious peaks at 1179 cm−1 but a new peak at 1576 cm−1 are ob-
served, and the intensities of peaks at 1457, 1400, 1376 and 1346 cm−1

are weakened. The results indicate that the simulated solar irradiation
promotes the occurrence of the aldol condensation and the oxidation of
CH3CHO, but suppresses the hydration reaction of CH3CHO and sub-
sequent polyoligomeric reaction of hydration product as well as oligo-
meric reaction among CH3CHO molecules, resulting in the formation of
more crotonaldehyde and acetate.

Previous study demonstrated that hydrogen bonding plays a crucial
role in various organic chemical reactions including aldol condensation
reaction by orienting the substrate molecules and lowering barriers to
reactions (Gondi et al., 2005; Han et al., 2014; Jenkin et al., 1988; Niu

Fig. 3. DRIFTS spectra of surface products as a function of reaction time during
the heterogeneous reaction of acetaldehyde on humid γ-Al2O3 under simulated
solar irradiation. (a) γ-Al2O3, (b) γ-Al2O3 pre-adsorbed by NO2 for 30min, (c) γ-
Al2O3 pre-adsorbed by NO2 for 90min.
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et al., 2010; Pihko, 2004), and thus hydrogen bond (H-bond) catalysis
has been used as a typical organocatalysis to accelerate organic reac-
tions and stabilize reaction intermediates and transition states (Doyle
and Jacobsen, 2007), while the H-bond catalytic activities can be sig-
nificantly enhanced with light irradiation (Han et al., 2014). Although
the photocatalytic activity of the particles is excluded since γ-Al2O3 is
not a photocatalytic material, γ-Al2O3 possesses abundant surface hy-
droxyl groups, these hydroxyl groups not only can act as active sites for
the adsorption of organics but also act as heterogeneous organocatalyst
for hydrogen bonding reactions (Han et al., 2014; Niu et al., 2008).
Therefore, the enhanced formation of crotonaldehyde under irradiation
in this study has demonstrated the roles of the H-bond and irradiation.
This result may show a combined result of illumination and H-bond
catalysis in aldol condensation (Han et al., 2014).

The peaks at 1716, 1669, 1576, 1457, 1400, 1346 cm−1 are ob-
served in Fig. 3b, which are the same as those in Fig. 3a, indicating the
formation of same products. However, the intensities of the peaks at
1669 and 1576 cm−1 are greatly enhanced, indicating that the forma-
tion of crotonaldehyde and acetate are greatly promoted. This result not
only demonstrates the combined effects of H-bond catalysis and illu-
mination, but also verifies the significant impacts of the photolysis of
the formed nitrate and nitrite on the heterogeneous reaction of
CH3CHO. Higher yields of crotonaldehyde, acetate, and oligomeric
acetaldehyde are observed compared to Fig. 3a, indicating that the
formed nitrate and nitrite by the heterogeneous uptake of NO2 can also
promote the heterogeneous conversions of CH3CHO on the surface of
humid γ-Al2O3 under illumination, especially the aldol condensation
and the oxidation conversion of CH3CHO. A possible explanation is that
the simulated solar irradiation greatly promotes H-band catalytic ac-
tivity for the aldol condensation, resulting in the inhibition of hydration
reaction and subsequent polyoligomeric reaction as well as oligomeric
reaction of CH3CHO. While the photolysis of the formed nitrite and
nitrate may produce OH radicals (Gankanda and Grassian, 2014; Mack
and Bolton, 1999; Roca et al., 2008; Schuttlefield et al., 2008), which
promotes the oxidation of CH3CHO into acetate. Similar phenomena are
shown in Fig. 3c, however, higher yield of acetate demonstrates the pre-
adsorption of NO2 for 90min has more significant promoting effect on
the generation of acetate due to more OH radicals produced under ir-
radiation. It should be pointed out that the consumption of nitrate is not
observed because its peaks at 1599, 1587 and 1567 cm−1 happens to be
covered by the products of aldol condensation and oxidation of
CH3CHO (Kong et al., 2014).

The detailed assignments of the peaks of surface species during the
heterogeneous processes are summarized in Table 1.

3.4. Heterogeneous reaction mechanisms of acetaldehyde on γ-Al2O3

particles in the absence and presence of simulated solar irradiation

Based on the experimental observations mentioned above, possible
reaction mechanisms for the conversions of CH3CHO on the surface of
γ-Al2O3 particles are proposed. Gaseous CH3CHO can be readily ad-
sorbed on the humid particle surfaces by the interaction of carbonyl
oxygen with hydroxyl group or Lewis acid site to form physisorbed and
chemisorbed CH3CHO (Zhao et al., 2015). In the absence of simulated
solar irradiation, adsorbed CH3CHO is easily transformed to gem-diol
through the hydration reaction, and then produces the dimer through
subsequent polymerization reaction between the hydroxyl group of
gem-diol and adsorbed CH3CHO or dehydration between gem-diol
molecules, and these reactions may be mainly catalyzed by Lewis acid
sites (Iraci and Tolbert, 1997; Jang and Kamens, 2001). Meanwhile, a
small amount of adsorbed CH3CHO is transformed to adsorbed oligo-
meric acetaldehyde, acetate and CH3COOH as the reaction proceeds.

In the presence of simulated solar irradiation, aldol condensation is
promoted by the combined impacts of illumination, H-bond catalysis,
the enhanced surface acidity and the formed nitrate and nitrite (Chang
et al., 2008; Han et al., 2014; Yang et al., 2017). Meanwhile, the

photolysis of the formed nitrite and nitrate produces OH radical and O
(3P) species (Goldstein and Rabani, 2007; Schuttlefield et al., 2008),
which enhances the surface oxidation activity, resulting in the forma-
tion of acetate. The proposed mechanisms of the heterogeneous con-
versions of CH3CHO on γ-Al2O3 pre-adsorbed by NO2 are shown in
Scheme 1.

4. Conclusion

In this study, the impact of heterogeneous uptake of NO2 on the
conversion processes of CH3CHO on γ-Al2O3 particle surfaces in the
absence and presence of simulated solar irradiation at 298 K was in-
vestigated. The main results are as following.

(1) In the absence of simulated solar irradiation, complicated hetero-
geneous reactions occur when CH3CHO is introduced alone, leading
to the formation of various products on the particle surfaces, in-
cluding physically and chemically adsorbed CH3CHO, crotonalde-
hyde, hydrated CH3CHO, dimerization glyoxylic, and metaldehyde.
However, different pre-adsorption times of NO2 have different ef-
fects on heterogeneous reactions of CH3CHO on the surface of the
humid γ-Al2O3. The hydration reaction and subsequent poly-
oligomeric reaction as well as oligomeric reaction of CH3CHO are
promoted by the introduction of NO2 for a short pre-adsorption
time. However, the heterogeneous reaction of NO2 and the formed
nitrate from a longer pre-adsorption time greatly influence the
formation of chemisorbed CH3CHO. Meanwhile, the formation of
crotonaldehyde and adsorbed acetate are promoted slightly, due to
the enhanced surface acidity and surface oxidation ability from the
heterogeneous uptake of NO2 on the γ-Al2O3.

(2) In the presence of simulated solar irradiation, the occurrence of the
aldol condensation and the oxidation of CH3CHO are promoted by
the combined impacts of illumination, H-bond catalysis, the en-
hanced surface acidity and the formed nitrite and nitrate, espe-
cially, the enhanced H-bond catalytic activity and the photolysis of
the formed nitrite and nitrate under illumination, whereas the hy-
dration reaction and subsequent polyoligomeric reaction as well as
oligomeric reaction of CH3CHO molecules are suppressed.

(3) The heterogeneous uptake of NO2 and the heterogeneous conver-
sion of CH3CHO on γ-Al2O3 not only consume absorbed water but
also consume active sites including surface hydroxyl groups and
Lewis acid sites. The pre-adsorption of NO2 promotes the con-
sumption of the hydroxyl coordinated with two aluminum atoms by

Table 1
Infrared vibrational assignments for surface species during the heterogeneous
reactions in this study.

Wavenumber/cm−1 Vibration modes/
function groups

Surface species

3735 isolated OH
3705 OH groups coordinated with two aluminum

atoms
3000, 2947 νas(CH3) paraldehyde or metaldehyde
2906, 2862 ν(CH)
1716 ν (C=O) physisorbed CH3CHO
1682 ν (C=O) chemisorbed CH3COOH
1669 ν (C=O) crotonaldehyde
1652 ν (C=O) chemisorbed CH3CHO
1616, 1504 bridging nitrate
1540 monodentate nitrate
1576 νas(COO) adsorbed acetate
1457 δas(CH3) gem-diol and its dimer, and

oligomers
1400, 1376, 1346 δs(CH3) oligomeric acetaldehyde
1404, 1343 water-solvated nitrate
1242 bidentate nitrite
1179 ν(C-O-C) dimer
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the heterogeneous conversion of CH3CHO. It is found that surface
hydroxyl groups not only can act as active sites for the adsorption
and uptake of CH3CHO but also act as heterogeneous catalyst for
hydrogen bonding reactions of CH3CHO, and the H-bond catalytic
activity for aldol condensation can be significantly enhanced under
light irradiation, revealing a combined result of illumination and H-
bond catalysis.

Results from this study have important atmospheric implications.
Firstly, the results reveal that the heterogeneous conversion of CH3CHO
can be affected by RH, solar light and the availability of nitrate and
mineral oxide, and they further emphasize the complexity of the reac-
tion of CH3CHO on mineral oxides. This chemistry may occur on sur-
faces of airborne dust particles and play a role in the chemistry of the
troposphere because the coexistence of NO2, CH3CHO and dust parti-
cles in the atmosphere, especially in the atmospheric environment with
high emission, high gaseous pollutant concentration and high particu-
late pollution level. Meanwhile, complex gas- and particle-phase com-
positions and variable meteorological conditions in the real atmosphere
can provide more impact factors and thus lead to a wide variety of
effects on the heterogeneous reaction processes of CH3CHO. The results
of this study also imply the complicated heterogeneous reaction pro-
cesses of CH3CHO in the real atmosphere. Secondly, the revealed im-
pacts of RH, light and the pre-adsorption of NO2 on the heterogeneous
reaction of CH3CHO suggest that the heterogeneous reaction products
of CH3CHO in the real atmosphere may have some differences between
daytime and nighttime, which would affect the physicochemical prop-
erties of atmospheric particle surfaces, and further affect subsequent
heterogeneous reactions of other gaseous inorganic and organic species
on these particles, leading to different cloud condensation nucleation
ability and optical properties of these particles. Meanwhile, the results
of this study demonstrated that the roles of the photolysis of the formed
nitrite and nitrate, H-bond catalysis and the enhanced H-bond catalytic
activity by light in the heterogeneous reaction products of CH3CHO on
mineral oxides in the presence of simulated solar irradiation. These may
happen on surfaces of atmospheric dust particles when the hetero-
geneous reactions of some other organic pollutants occur under illu-
mination, which would affect the conversion of atmospheric organic
species and the formation of secondary organic aerosols, and further
affect the nucleation and growth of atmospheric particles. Finally, this
study not only reveals the complex heterogeneous reaction mechanisms
and processes of CH3CHO on γ-Al2O3 pre-adsorbed by NO2 in the ab-
sence and presence of simulated solar irradiation, but also reveals the
inevitable interactions between the heterogeneous conversion processes
of atmospheric trace gases, facilitating a better understanding of the
complexities of atmospheric heterogeneous reactions of inorganic and
organic pollutants, the formation of atmospheric aerosols and air pol-
lution. And also, these will provide significant information for atmo-
spheric chemistry research and atmospheric chemistry modelling.
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