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Field measurements showed that there exists a correlation between nitrate and sulfate on mineral dust. In this
work, the synergistic mechanism of adsorption and reaction between SO2 and NO2 on gamma-alumina was
studied using in situ diffusion reflectance infrared Fourier spectroscopy (in situ DRIFTS) and temperature
programmed desorption (TPD). The results revealed that the reaction pathway of NO2 adsorbed on alumina
was altered in the presence of SO2. In the absence of SO2, nitrite was found to be an intermediate in the
oxidation of NO2 to surface nitrate species. However, in the presence of SO2, the formation of nitrite was
inhibited and a new intermediate, dinitrogen tetraoxide (N2O4), was observed. On the other hand, surface
tetravalent sulfur species S(IV), including bisulfite and sulfite, were oxidized to sulfate in air condition when
NO2 was present. The atmospheric implication of this synergistic effect was also discussed.
Introduction
Sulfur dioxide (SO2) and nitrogen oxides (NOx ) NO + NO2)
are deleterious pollution gases in the atmosphere and their
chemical activities are of great importance in atmospheric
chemistry.1 It is well-known that NOx plays a crucial role in
the tropospheric photochemistry processes and atmospheric acid
deposition. On the other hand, heterogeneous reactions of NOx
on mineral dust also attract much attention because they not
only alter the concentration of NOx but also change the surface
properties of mineral dust which have important effects on the
lifetime and cloud condensed nuclei (CCN) ability of dust
aerosols.2 There have been several laboratory studies of
heterogeneous reactions of nitrogen oxides on the surface of a
variety of atmospherically relevant particles, such as sea salt
aerosols,3–6 soot,7–10 and mineral oxides.11–15 The hydrolysis of
NO2 on particle surfaces was used to explain the discrepancy
of HONO concentration between field observation and modeling
predication.10,13,14 The results of Barney13 showed that NO2 can
be disproportioned to nitrous acid (HONO) and nitric acid
(HNO3) in the presence of adsorbed water. It means NO2 can
be viewed as either an oxidant or a reductant.
In the case of SO2, it is well-known that SO2 was the major
precursor of sulfuric acid and sulfate aerosols. These aerosols
are known to affect climate by scattering solar radiation,
resulting in a net cooling effect (direct effect), as well as acting
as cloud condensation nuclei (CCN), thus altering cloud
properties and their associated impacts on radiation (indirect
effect).16 SO2 can be oxidized to sulfate in aqueous aerosol and
on sea salts by ozone and hydrogen peroxide.17–19 The reactions
of SO2 on dust and mineral oxides were also reported.20–22
However, the mechanism for SO2 oxidation on mineral particles
to form sulfate is uncertain yet. A number of models have been
applied to predict the formation of sulfate aerosols on a global
scale. The results showed that atmospheric SO2 concentrations
were typically overestimated by as much as a factor of 2, while
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sulfate tended to be underestimated,23 implying that there are
some unknown pathways for the formation of sulfate in the
troposphere.
Mineral aerosol represents one of the largest mass fractions
of the global aerosols. The annual flux of mineral aerosol to
the atmosphere is estimated to be about 1000-3000 Tg.24–26
Heterogeneous reactions of pollution gases which occur on the
mineral aerosols surfaces play a critical role in the atmosphere
chemistry.27 Most laboratory studies of heterogeneous reactions
on aerosol particles focus on NO2 and SO2, individually.
However, little attention was paid to the synergistic effect
between these pollutants in the adsorption and reaction processes
on atmospheric aerosols. Recently, field measurements of the
chemical composition of aerosol particles in East Asia showed
an indication that particles originating from soil are more
suitable for the internal mixture of sulfate and nitrate than other
kinds of particles.28 The observed correlation between sulfate
and nitrate in these particles could be caused by surface reactions
of sulfur and nitrogen species. Since SO2 and NOx are always
generated from the same sources, such as fossil and biomass
combustion, and also coexist with relative high concentrations (in ppb level) in urban areas, it is reasonable to anticipate
that there should be a synergistic effect between these pollutants.
By now, only Ullerstam et al.29 investigated the heterogeneous
reactivity of SO2 and NO2 on Sahara Desert mineral dust with
the main content being quartz and potassium feldspars. Their
results showed that although there was no difference in uptake
coefficients when SO2 and NO2 were introduced at the same
time or introduced individually, NO2 enhanced the formation
of sulfate on dust surface. However, the interaction mechanism
between SO2 and NO2 on mineral oxides is still needed to be
further investigated.
Alumina is a major component of mineral dust in the
atmosphere. In this study, γ-alumina was chosen as a model
oxide of mineral aerosol to investigate the mechanism of the
synergistic effect on the adsorption and reaction of SO2 and
NO2 using in situ diffuse reflectance infrared fourier spectroscopy (in situ DRIFTS) and temperature programmed desorption
(TPD). Although R-Al2O3 is the most common phase of alumina
in the troposphere, γ-Al2O3 was also widely used as a model
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oxide for its better quality of spectra information to obtain useful
information about the mechanism of atmospheric heterogeneous
reaction. Many heterogeneous reactions on R- and γ-alumina
show the similar catalytic mechanism. The results of this work
should be useful for understanding the complex atmospheric
chemistry about SO2, NOx, and atmospheric particles in
molecular level.
Experimental Section
In order to obtain high quality of spectral information of
surface species, γ-Al2O3 with high specific surface area was
used in experiments. The Al2O3 sample was prepared from
boehmite (AlOOH, Shangdong Aluminum Corporation) by
calcining at 873 K for 3 h. The sample was characterized by
X-ray diffractometry using a computerized Rigaku D/mas-RB
diffractometer (Japan, Cu KR radiation, 1.54056 nm). The step
scans were taken over a 2θ range of 10-90° in steps of 0.02°/
s. The alumina sample was identified as γ-Al2O3 with the three
main 2θ peaks at 67, 46, and 37°. The nitrogen adsorptiondesorption isotherms were obtained at 77 K over the whole range
of relative pressures, using a Micromeritics ASAP 2000
automatic equipment. Specific areas were computed from these
isotherms by applying the Brunauer-Emmmett-Teller (BET)
method. The BET area of the sample is 257 m2/g. Before
DRIFTS measurement, the γ-Al2O3 sample was pretreated in
an in situ infrared cell by heating in 100 mL/min of synthesized
air (20% O2 + 80% N2) at 573 K for 3 h. In order to simulate
the actual polluted air, NO2 for the experiments was synthesized
from the reaction between NO (1.03% + N2, Beijing Huayuan)
and O2 (99.999%, Beijing Huayuan). SO2 (1.13% + N2, Beijing
Huayuan) and N2 (99.999%, Beijing Huayuan) were used as
received. Distilled H2O was degassed by heating prior to use.
In situ DRIFTS spectra were recorded on a NEXUS 670
(Thermo Nicolet Instrument Corporation) FT-IR, equipped with
an in situ diffuse reflection chamber and a high-sensitivity
mercury cadmium telluride (MCT) detector cooled by liquid
N2. The γ-Al2O3 sample (about 11 mg) for the in situ DRIFTS
studies was finely ground and placed into a ceramic crucible in
the in situ chamber. The total flow rate was 100 mL/min in all
flow systems, and the volume of the closed system was about
30 mL. The reference spectrum was measured after the
pretreated sample was cooled to 303 K in a synthesized air
stream. The infrared spectra were collected and analyzed using
a data acquisition computer with OMNIC 6.0 software (Nicolet
Corp.). All spectra reported here were recorded at a resolution
of 4 cm-1 for 100 scans. The low frequency cutoff below 1200
cm-1 is due to strong lattice oxide absorptions.
TPD (temperature programmed desorption) experiments of
the SO2-saturated γ-Al2O3 in the absence and presence of NO2
were performed with a temperature-programmed tube oven,
equipped with a quadrupole mass spectrometer (QMS, Hiden
HPR 20). Before the measurement of desorption, 80 mg of
γ-Al2O3 was placed in a tubular reactor. The sample was
pretreated at 573 K for 1 h at a flow of 50 mL/min synthesized
air (O2 20%). After cooled to room temperature (303 K), the
sample was exposed to 200 ppm SO2 in the absence or presence
of NO (200 ppm) for 12 h. For the desorption process, the carrier
gas was kept at a flow rate of 50 mL of Ar/min while the
temperature was increased at a temperature ramp rate of 20
K/min, and the effluent composition can be monitored continuously by using a quadrupole mass spectrometer.
Results
Heterogeneous Reaction of NO2 on γ-Al2O3. For comparison with other studies, an experiment of NO2 (NO + O2)

Figure 1. Dynamic changes in the in situ DRIFTS spectra of the
γ-Al2O3 sample as a function of time (0, 1, 3, 5, 10, 15, 30, 45, 60
min) in a flow of 200 ppm NO + 20% O2 + N2 at 303 K.

adsorption on alumina was conducted. The alumina sample was
exposed to NO (200 ppm) balanced with synthesized air in a
total flow of 100 mL/min at 303 K. The in situ DRIFTS spectra
as function of time are shown in Figure 1. Several bands at
1650-1200 cm-1 region became predominant with increasing
exposure time. These bands can be assigned to oxidecoordinated and water-solvated nitrate species.11,12,15 The bands
at 1560 and 1535 cm-1 were assigned to the degenerate V3 mode
of oxide-coordinated monodentate, which has been split into
two bands due to a loss of symmetry upon adsorption. The bands
at 1580 and 1620 cm-1 were ascribed to bidentate and bridging
nitrate, respectively. Because the remnant water in the nitrogen
stream can not be removed completely in the flow system at
room temperature, adsorptions due to water-solvated surface
nitrate at 1425, 1386 and 1310 cm-1 are also apparent.11,15,30 A
band at 1230 cm-1, which was attributed to bidentate nitrite,11,12
initially grew quickly, and then decreased with time. It is
suggested that nitrite was the intermediate in the conversion of
adsorbed NO2 to nitrate.
The spectrum is very similar to the results reported by Miller
et al.15 where hydrated alumina was exposed to pure NO2. Gas
phase NO was not observed in the study because it was oxidized
to NO2 quickly in the presence of excess O2. It is indicated that
NO with excess O2 can be used as a substitute of pure NO2.
Underwood et al.11 postulated that nitrite species is an intermediate for the adsorption of NO2 on oxides surface, and then
form nitrate species and gas phase NO followed by a LangmuirHinshelwood (LH) type mechanism or a Eley-Rideal (ER) type
mechanism. Our results are in agreement with this mechanism
for the heterogeneous reaction of NO2 on alumina.
Heterogeneous Reaction of SO2 and NO2 on γ-Al2O3.
When SO2 (200 ppm) was introduced simultaneously with NO
(200 ppm) in the presence of excess oxygen (NOx), the in situ
spectra were recorded as a function of time as shown in Figure
2. Nitrates were still the dominant surface species, which have
been assigned to bridging11 (1620 cm-1), bidentate11 (1580
cm-1), monodentate11 (1560 cm-1), and water-solvated15 (1417,
1310 cm-1). It is worth to note that the peak at 1230 cm-1
assigned to nitrite11,12 was clearly inhibited and two new peaks
at 1733 and 1300 cm-1 rapidly increased in the early stages of
the reaction, and then decreased in intensity as the reaction
proceeded. These two peaks could be assigned to the asymmetric
Va(NO2) and symmetric Vs(NO2) stretch of the dimer of NO2,
namely, N2O4.13,14,31,32 It indicates that the reaction pathway of
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Figure 2. Dynamic changes in the in situ DRIFTS spectra of the
γ-Al2O3 sample as a function of time (0, 3, 5, 10, 15, 30, 45, 60, 90
min) in a mixture flow of 200 ppm NO + 200 ppm SO2 + 20% O2 +
N2 at 303 K.

Figure 3. Peak fit of DRIFTS spectrum in the range of 1100-1450
cm-1 for the last spectrum in Figure 2.

NO2 on γ-Al2O3 in the presence of SO2 is different from that
in the absence of SO2. The mechanism will be discussed in the
discussion section.
In addition, a peak at 1176 cm-1 could be assigned to the
Vs(OSO) vibration frequency of sulfate on alumina surface.33,34
However, the peak near 1350 cm-1 for the Vas(OSO) vibration
frequency of sulfate on alumina surface34 was not obviously
observed which might be due to overlapping by the intense peak
of solvated nitrate (1310 cm-1). To further analyze the region
from 1450 to 1100 cm-1, a curve-fitting procedure using Lorenz
and Gaussian curves based on the second-derivative spectrum
was used to deconvolute overlapping bands,12 as shown in
Figure 3 with a correlation coefficient of 0.997. The bands at
1350 and 1176 cm-1 attributed to Vas(OSO) and Vs(OSO)
vibration frequency of SO42- were very clear. The appearance
of a band at 1265 cm-1 was assigned to V3 mode of oxidecoordinated monodentate nitrate.11 Obviously, when NOx and
SO2 present in the feed gases simultaneously, the reaction
pathway of NO2 on γ-Al2O3 surface was altered and SO2 also
could be oxidized to sulfate at room temperature.
Figure 4 shows the integrated absorbance of nitrate V3 of
figure 1 and figure 2. Although the peak at 1620 cm-1 was also
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Figure 4. Integrated absorbance over the nitrate W3 band (1500-1600
cm-1) observed during the reaction of NO2 on alumina of Figure 1A
and Figure 2B.

assigned to nitrate, the integrated range was chosen in 1600-1500
cm-1 to avoid the influence of surface water absorption. It is
clear that nitrate species yielded from the adsorption of NO2
on γ-Al2O3 in the absence of SO2 (figure 4A) is faster than that
in the presence of SO2 (figure 4B). In the end, the sample got
saturated and the total mount of nitrate decreased in the presence
of SO2 compared to the experiment without SO2. A further
analysis for reaction kinetic by DRIFTS is difficult because the
evaluation of the diffusion depth and total sample area are
unavailable in this study. However, the results supported that
the reaction behavior of NO2 adsorption on γ-Al2O3 was altered
by the sulfur species.
Heterogeneous Reaction of SO2 on γ-Al2O3. Since the
presence of SO2 could affect the adsorption of NO2 on γ-Al2O3,
it is necessary to investigate the reaction between SO2 and
γ-Al2O3. The alumina sample was exposed to 200 ppm SO2
flow balanced with synthesized air at 303 K. As shown in Figure
5B, two peaks at 1630, and 1330 cm-1 are observed. The main
feature of the spectra is a sharp band at 1630 cm-1 which could
be assigned to the δHOH vibration of molecularly adsorbed
water.15,30,35,36 When the feed gases were dried with phosphorus
pentoxide (P2O5) to remove the trace water in the feed gases,
surface water at 1630 cm-1 still appeared in the spectra. It
demonstrates that water was a product of the reaction between
SO2 and hydroxyl groups on γ-Al2O3 surface which will be
discussed later. The band at 1330 cm-1 can be assigned to an
asymmetric stretch (V3) of physisorbed SO2.21,22 When the
sample was flushed with air, physisorbed SO2 gradually disappeared. It is difficult to distinguish between surface sulfite and
bisulfite species for the low signal-to-noise ratio and we
generally named them surface tetravalent sulfur species S(IV).
As shown in Figure 5A, it should be noted that there is a
drastic increase in the intensity of negative peaks at 3743 and
3704 cm-1. In the model proposed by Peri,37 these bands were
attributed to the vibrations of surface hydroxyl (OH) species.
The consumption of surface OH species means that the reaction
between SO2 and surface OH must occur.36 The synchronous
growth of a strong band at 1630 cm-1 and a broadband with a
maximum at 3367 cm-1 in the spectra indicated that surface
water was generated.
The reaction mechanism of SO2 with alumina has been
investigated widely. Karge et al.38 studied the interaction of SO2
with γ-Al2O3 using infrared spectroscopy. Using site blocking
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Figure 5. Dynamic changes in the in situ DRIFTS spectra of the γ-Al2O3 sample as a function of time (0, 3, 5, 10, 15, 30, 45, 60 min) in a mixture
flow of 200 ppm SO2 + 20% O2 + N2 at 303 K.

experiments with ammonia, pyridine and boron trifluoride, they
determined that interaction of SO2 with basic sites on the surface
leads to formation of chemisorbed SO2 while adsorption at acid
sites leads to physisorbed SO2. Datta et al.39 further elaborated
on the adsorption of SO2 on γ-Al2O3. They reported that
adsorption of SO2 on Lewis acid (coordinately unsaturated
alumina atoms) resulted in weakly adsorbed SO2 and adsorption
of SO2 on Lewis base (exposed oxygen atoms) resulted in
chemisorbed sulfite. Goodman et al.21 studied the adsorption
of SO2 on R-Al2O3. They suggested SO2 could react with lattice
oxygen atom and surface OH to form surface sulfite and
bisulfite. Surface water was also postulated as a product from
the reaction between OH and SO2.21 No evidence was shown
for the formation of sulfate in the mentioned studies. This work
also supported their results. It is implied that SO2 can hardly
be oxidized to sulfate on alumina under air condition and at
room temperature.
NO2 Adsorption on a SO2 Presaturated γ-Al2O3 Surface
in a Closed Experiment. In order to further understand the
redox process between NO2 and surface tetravalent sulfur species
S(IV), experiments in a closed system were performed at a low
concentration. After exposed to a flow of SO2 (50 ppm) balanced
with synthesized air for 90 min, the alumina sample was exposed
to a flow of NO (30 ppm) + O2 (20%) for 15 min until the
peaks at 1730 and 1300 cm-1 reached a maximal value, and
then the inlet and the outlet valves were closed. The in situ
DRIFTS spectra on the γ-Al2O3 sample were recorded as a
function of time and are shown in Figure 6. It can be seen that
the two peaks at 1730 and 1300 cm-1 disappeared synchronously, while the bands at 1410, 1351, 1230, and 1176 cm-1
increase in intensity. According to the above results, it can be
deduced that the consumption of N2O4 led to the formation of
surface sulfate (1351, 1176 cm-1), water-solvated nitrate (1410
cm-1), and nitrite (1230 cm-1). The peak at 1624 cm-1 was
due to water formed in the reaction of SO2 with alumina surface.
The shift from 1630 cm-1 (Figure 5) may be due to the
combination with nitrate to form water-solvated nitrate. No
oxide-coordinated (1530-1620 cm-1) nitrate species were
observed.
We can deduce that N2O4 can be readily accumulated on the
SO2 preadsorbed alumina surface because the active sites for
the adsorbed NO2 to form nitrite were occupied by S(IV)
in the initial reaction stage. In addition, it should be noted that
the peak intensity of surface water on alumina increased after
the reaction with SO2 since water was a product of the reaction

Figure 6. Dynamic changes in the in situ DRIFTS spectra of the SO2
presaturated γ-Al2O3 sample as a function of time (0, 5, 10, 15, 20,
25, 30, 45, 60, 90, 120 min) in a closed atmosphere of 30 ppm NO +
20% O2 + N2 at 303 K.

between surface hydroxyl and SO2. However, the effect of
surface water on the formation of N2O4 is still unclear.
NO2 Adsorption on H2Oads/γ-Al2O3. Since surface water
was considered as a crucial factor for the enhancement of N2O4
on porous glass,13,14 it is necessary to investigate the role of
water in the heterogeneous reactions on γ-Al2O3 surface.
Therefore, we looked into the adsorption of NO2 on a watersaturated γ-Al2O3 surface at 303 K to investigate the role of
water in this surface process. These experiments were conducted
in a flow system. The alumina surface was exposed to a flow
of water (RH ) 2%) in synthesized air until saturation of water
adsorption, and then the mixture gases of NO (200 ppm) + O2
(20%) and water (RH ) 2%) were introduced into the feed
gases. All reactant gases were balanced with synthesized air.
The in situ spectra of the alumina surface during this process
are shown in Figure 7. The peak at 1650 cm-1 which was
assigned to adsorbed water15 disappeared after the sample
was exposed to NO2, accompanying with the appearance of
bands due to surface nitrate species at 1620, 1580, 1560, 1425
and 1320 cm-1. It indicates that the surface water was replaced
by nitrate species or associated with nitrate to form watersolvated nitrate. However, the peaks at 1730 and 1300 cm-1
due to adsorbed N2O4 were not observed and a band at 1230
cm-1 which was attributed to nitrite11,12 appeared in the initial
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of aluminum sulfate.34 The formation of sulfate was also
confirmed by the accompanying desorption of O2. It is evident
that at room temperature, SO2 can only adsorb on alumina
surface to form S(IV) under air condition and can be oxidized
to sulfate in the presence of NO. These results are in good
agreement with the DRIFTS results (Figure 3 and Figure 5).
Discussion

Figure 7. Dynamic changes in the in situ DRIFTS spectra of the H2O
presaturated γ-Al2O3 sample as a function of time (0, 3, 5, 10, 15, 20,
30, 45, 60, 90 min) in the flow of 200 ppm NO + 20% O2 + N2 (RH
) 2%) at 303 K.

Figure 8. TPD spectra of SO2 (m/e ) 64) and O2 (m/e ) 32) of
γ-Al2O3 reacted with 200 ppm SO2 + O2 (20%) + N2 for 12 h at 303
K in the absence of NO (A) and in the presence of NO (B).

stages of the reaction. Although the relative intensities of the
nitrate features in Figure 7 are different from that in Figure 1,
the coordination types of surface species on γ-Al2O3 are almost
the same. In the presence of water, the relative intensity of the
water-solvated nitrate features (1425 and 1320 cm-1) was
stronger than that without water. It is suggested that the
preadsorbed water only change the ratio between oxidecoordinated and water-solvated surface nitrate,15 but not promote
the formation of N2O4 on γ-Al2O3 surface. Therefore, we can
ascertain that the formation of N2O4 is related to the active sites
for the adsorbed NO2 to form nitrite occupied by S (IV) species
on alumina.
TPD Experiments. To further identify the surface sulfur
species formed on SO2 saturated γ-Al2O3, we also examined
TPD curves for γ-Al2O3 after exposure to 200 ppm SO2
balanced with synthesized air in the absence and presence of
NO (200 ppm). As shown in Figure 8A, the main peak at 393
K was due to desorption of weakly adsorbed S(IV) when
γ-Al2O3 sample was exposed to SO2 without NO. No O2 signal
was observed when NO was absent. In contrast, a peak at 1223
K was observed on the SO2 reacted sample in the presence of
NO (Figure 8B), which could be attributed to the decomposition

The synergic effect between SO2 and NO2 on alumina surface
contains two aspects. For NO2, the reaction pathway was altered.
Nitrite as an intermediate was replaced by N2O4 in the presence
of SO2. N2O4 was observed on hydrated silicon dioxide surface14
and on porous glass surface in the presence of surface water.13
Finlayson-Pitts and co-worker31 explained the accumulation
of N2O4 on the surface in the presence of water by the results
that the Henry’s law coefficient for N2O4 in water is approximately 2 orders of magnitude larger than that for NO2.
However, this interpretation is not suitable in this work because
N2O4 was observed only when SO2 was present (Figure 2) but
not on the water preadsorbed alumina surface without SO2
(Figure 7). It seems that there is a competitive adsorption
between NO2 and SO2 on the γ-Al2O3 surface and the alumina
surface is more reactive to SO2 than to NO2. As a result, the
sites for the formation of nitrite were occupied by SO2 and N2O4
was observed. The assumed different reactivity of alumina to
SO2 and NO2 was in agreement with the true uptake coefficients
of SO2 and NO2 on alumina reported by Grassian and
co-workers.11,21 The mechanism of NO2 adsorption on oxides
surface postulated by Underwood et al.11 suggested that NO2
adsorbed on surface directly to form nitrite followed by
oxidation to nitrate. In fact, the bands of both nitrite and nitrate
species were observed in the early spectra (Figure 2) which
implied nitrite and nitrate species were yielded synchronously.
Therefore, in the presence of SO2, we postulate that NO2 first
dimerize to N2O4 on the surface, followed by the disproportion
reaction involving surface oxygen to nitrite and nitrate species,
or by the redox reaction with surface tetravalent sulfur species.
The reaction steps might be as follows:

2NO2 S N2O4

(1)

N2O4 + M - O f MNO2 + MNO3

(2)

N2O4 + S(IV) f MNO2 + S(VI)

(3)

MNO2 + NO + O2 f MNO3

(4)

where M represents surface metal sites, S(IV) and S(VI)
represent surface tetravalent and hexavalent sulfur species,
respectively.
On the other hand, the synergic effect provides a new
formation pathway of sulfate. It is well-known that sulfate
aerosols can affect climate directly and indirectly.16 However,
the formation mechanism of secondary sulfate in troposphere
is not clear yet. It seems that SO2 can hardly be oxidized to
sulfate on alumina surface at room temperature under air
condition.20–22,38,39 Ullerstam et al.22 concluded that SO2 could
adsorb on mineral aerosols surface to form sulfite and bisulfite,
but an oxidant is needed for the formation of sulfate. Ozone
and hydroxyl radical are two familiar oxidants for the formation
of sulfate. NO2 is also considered as an oxidant for the oxidation
of SO2 on mineral oxide surface.29 It is possible that NO2 plays
a more efficient oxidizer for heterogeneous reactions than O2.40
In this work, N2O4, the dimer of NO2, was observed as the
oxidant for the formation of sulfate. N2O4 in solution and/or at
low temperatures is known to isomerize and autoionize to
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NO+NO3-.31,41–43 Reaction of this ionic form with water may
then generate HONO + HNO3. Therefore, N2O4 was considered
as a key intermediate in the heterogeneous hydrolysis of NO2
which led to the formation of HONO and HNO3.13,14 It is wellknown that surface oxygen is very important for many reactions
on oxides surface. In this work, no band due to NO+ (2217
cm-1)31,43 was observed because it might react promptly with
surface oxygen (O2-) to form nitrite (NO2-) species. This
reaction pathway was depicted in reaction 2. In addition, it is
true, as two early reviews by Riebsomer44 and Addison45 shown,
that N2O4 can oxidize many organic and inorganic compounds
rapidly. Oxidative properties of N2O4 toward inorganic compounds are selective in that they involve the donation of oxygen
atoms rather than the removal of electrons from metal atoms.45
In this study, we deduce that N2O4 was the oxidant of surface
sulfite to sulfate. The reaction process may involve surface
oxygen as follows:

M - N2O4 + M - SO3 f M - NONO2 + M - SO4
(5)
M - NONO2 + M - O f 2M - NO2

(6)

where M represents surface Al sites. Nitrite species could be
oxidized to nitrate via eq 4 in the flow system (Figure 2) when
gas phase NO2 was present. As a result, nitrate and sulfate were
both found on the surface.
Conclusion and Atmospheric Implication
The synergistic effect between NO2 and SO2 on alumina oxide
at 303 K was investigated to demonstrate the correlation between
nitrate and sulfate on mineral oxides. The heterogeneous reaction
pathway for NO2 to nitrates was changed in the presence of
SO2 compared to NO2 adsorption solely, namely, nitrite as an
intermediate was replaced by N2O4. On the other hand, SO2
could be oxidized to sulfate in the presence of NO2, while only
tetravalent sulfur species were formed on alumina without NO2
in the feed gases.
As mentioned in the Introduction, SO2 and NOx coexist in
the troposphere at ppbv levels. The synergistic interaction
between SO2 and NO2 on mineral dust should take place widely.
This synergistic process not only alters the reaction pathway of
NO2 to nitrate but also provides a new pathway for the formation
of secondary sulfate aerosols in the troposphere. Our results
also implied that this synergistic heterogeneous reaction is the
inherent reason for an internal mixture of nitrate and sulfate in
mineral dusts or particles originating from soil.
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