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Synergistic formation of sulfate and ammonium
resulting from reaction between SO2 and NH3 on
typical mineral dust†

Weiwei Yang, Hong He,* Qingxin Ma, Jinzhu Ma, Yongchun Liu, Pengfei Liu and
Yujing Mu

The heterogeneous reactions of SO2 and NH3 on typical mineral oxides were investigated using in situ

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). A new sulfate formation pathway

was proposed where NH3 accelerated the formation of sulfate species. The results revealed that surface

hydroxyls and oxygen played principal roles in the conversion of SO2 to sulfate. It was proposed that

NH3 adsorbed onto Lewis acid sites, and hydroxyls and water molecules adsorbed on the surfaces of

mineral dust. The enhancement of surface Lewis basicity by NH3 induced more SO2 molecules to

adsorb on the surface, which were further oxidized to sulfate by interacting with surface hydroxyls and

oxygen atoms. The formation of sulfate, in turn, contributed to the adsorption of NH3, mainly as NH4
+

due to enhanced Brønsted acid sites. The IC results showed that the synergistic effect between SO2 and

NH3 was more significant on acidic oxides like g-Al2O3 and a-Fe2O3 compared to basic oxides like MgO.

Introduction

Sulfur dioxide (SO2) is a major anthropogenic pollutant in
the atmosphere, which contributes to the formation of sulfuric
acid and sulfate aerosols and then haze. Atmospheric sulfate
particles are known to affect the radiation balance by scattering
light and influence the properties of clouds by acting as cloud
condensation nuclei (CNN).1,2 SO2 can be converted to secondary
sulfate aerosols through homogeneous and heterogeneous path-
ways. Homogeneous (i.e. gas-phase) oxidation of SO2 is dominated
by the reaction with hydroxyl radicals followed by condensation
into sulfuric acid in the presence of water vapor.3 Recent laboratory
and field studies have also highlighted the potential importance of
Criegee intermediates (CIs) in tropospheric sulfate formation.4,5

Aqueous-phase oxidation of dissolved SO2, dominated by hydrogen
peroxide and ozone, is probably the most important hetero-
geneous reaction pathway in cloudwater.6,7 Other atmospheric

oxidants, such as organic peroxides, oxygen, OH radicals, and
nitrogen dioxides, may also result in a high level of sulfate
formation in aqueous reaction.8 An additional pathway involved
in the transformation of SO2 to sulfate particles is related to
heterogeneous reactions of SO2 on sea-salt aerosols and mineral
dust.9,10 Heterogeneous reactions on solids have been reported
to play an important role in determining the composition of the
gaseous troposphere.11 An annual average of 50% to 70% of total
sulfate is calculated to be associated with mineral dust in the
vicinity of the dust source regions.12,13 It was suggested that the
in-cloud oxidation of SO2 catalyzed by natural metal ions on
mineral dust should be included in applied models, in which
atmospheric SO2 concentrations are typically overestimated
and sulfate concentrations tend to be underestimated.14 For
instance, aqueous oxidation of SO2 with oxygen was not negligible
when catalyzed by Fe(III) and Mn(II) under high-pH conditions.8

These results implied that heterogeneous conversion of SO2 to
sulfate on mineral dust may make an important contribution
to sulfate formation.

Up to now, a number of mechanisms concerning hetero-
geneous reactions of SO2 on mineral dust have been proposed
where the adsorption of SO2 only leads to sulfite or bisulfite on the
surface of mineral oxides other than iron oxides and magnesium
oxide.15–20 Oxidants, such as O3 and NO2, are needed in the
conversion of sulfite to sulfate.20–23 Recently, He et al. reported
that the coexistence of NOx and SO2 can lead to a rapid
conversion of SO2 to sulfate, combining laboratory studies
and field measurements.24 Another study by Kong et al. found
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that surface nitrate on hematite participated in the hetero-
geneous reaction of SO2 and accelerated the formation of
sulfate.25 However, there remain large uncertainties regarding
the interaction mechanisms between SO2 and minerals; for
example, in the laboratory studies, little attention has been
paid to the effects of other species (such as NH3) on the
heterogeneous reactions of SO2. As is known, NH3 is the most
important basic gas in the atmosphere, with global emissions
greater than 33 Tg nitrogen per year.26 It participates as NH4

+

in the formation of secondary particulate matter through
the neutralization of HNO3 and H2SO4.27,28 Theoretical and
experimental studies found that NH3 addition promoted the
nucleation and growth of sulfate aerosols in the ternary H2SO4–
H2O–NH3 system.29,30 Early studies have found that ammonia
can accelerate the oxidation of SO2 to sulfate in the thin film of
water on vessel surfaces or on the skin of water droplets
nucleated by soot or NaCl aerosols, and that the conversion was
only dependent on the water content of aerosol.31,32 However,
mineral dust is different relative to vessel surfaces, soot and
NaCl, because the surface of an oxide is usually covered by
different kinds of hydroxyl groups and oxygen defects, whereby
mineral particles can provide reactive surfaces to adsorb and
catalyze reactions of trace gases in the atmosphere.33–35 Given
the difference in physicochemical nature, it is necessary to
explore the effect of NH3 on the heterogeneous reactions of SO2

on different types of mineral dust.
In this study, heterogeneous reactions of SO2 and NH3 on

typical mineral oxides (g-Al2O3, TiO2, MgO, and a-Fe2O3) were
investigated and possible mechanisms for SO2 oxidation and
synergistic reactions between SO2 and NH3 on mineral oxides
were elucidated.

Experimental section
Materials

The g-Al2O3, TiO2 (anatase), and MgO particles used in this
study were purchased from commercial sources, while a-Fe2O3

was prepared using a precipitation method as reported.36 The
nitrogen adsorption–desorption isotherms of mineral oxides
were obtained at 77 K over the whole range of relative pressures
using a Quantachrome Quadrasorb SI-MP system. The results
are listed in Table S1 (ESI†). X-ray diffraction (XRD) equipped
with a Cu Ka (l = 0.15406 nm) radiation source was applied to
characterize the samples on a computerized PANalytical X’Pert
Pro diffractometer system (Fig. S1, ESI†). The specifications of
the gases used in this experiment are as follows: SO2 (0.25%
in N2, Beijing Huayuan), NH3 (0.20% in N2, Beijing Huayuan),
N2 and O2 (99.999% purity, Beijing Huayuan).

Experimental methods
In situ DRIFTS

In situ DRIFTS spectra were recorded on a Nicolet Nexus
670 FTIR equipped with a mercury cadmium telluride (MCT)
detector, ranging from 4000 to 600 cm�1 at a resolution of

4 cm�1 for 100 scans. Before experiments, oxide samples were
finely ground and placed into a ceramic crucible in the in situ
chamber. All of the samples were pretreated at room tempera-
ture (303 K) and pressure for 120 min to remove adsorbed
species in a stream of synthetic air (80% N2 and 20% O2) in a
total flow of 100 mL min�1, and then the samples were exposed to
200 ppmv SO2 and/or 100 ppmv NH3 balanced with 100 mL min�1

synthetic air.

XPS

X-ray photoelectron spectroscopy (XPS) with Al Ka radiation
(1486.7 eV) was used to analyze the atomic state of adsorbed
species on the surface of the sample (Axis Ultra, Kratos Analytical
Ltd). The C 1s peak at 284.6 eV was used as an internal standard
for peak position measurements.

IC

The products formed on the samples were analyzed by means
of ion chromatography. To prevent sulfite oxidation, the
reacted particles were protected with 15% formaldehyde before
dilution with ultrapure water to 10 mL (specific resistance
Z18.2 MO cm) and then extracted by sonication for 30 min.
The leaching solution was obtained through a 0.22 mm PTFE
membrane filter and then was analyzed using Wayee IC-6200 ion
chromatography equipped with a TSKgel Super IC-CR cationic
or a SI-524E anionic analytical column. An eluent of 3.5 mM
Na2CO3 was used at a flow rate of 0.8 mL min�1. All of the
measurements were repeated at least three times.

Results and discussion
Heterogeneous reactions of SO2 and NH3 on c-Al2O3

Fig. 1 shows the in situ DRIFTS spectra of g-Al2O3 exposed first
to SO2 and then NH3 (Fig. 1(A)) or the reverse order (Fig. 1(B))
in synthetic air as a function of time. Upon SO2 adsorption
(Fig. 1(A)), three bands attributed to SO2-chemisorbed species
at 1225, 1080 and 964 cm�1 were readily observed. The bands at
1080 and 964 cm�1 are commonly assigned to the stretching
modes of adsorbed sulfite or bisulfite on the surface of
oxides.15,18,37,38 An early study observed a weak SO2 adsorption
at 1210–1230 cm�1 on Na-doped g-Al2O3 and explained that this
band was due to the presence of sodium sulfite.19 To confirm
the surface bound species at 1225 cm�1, the chemisorbed SO2

on g-Al2O3 was further oxidized with ozone as reported by Usher
et al.20 (Fig. S2, ESI†). With increased exposure time to O3, the
band at 1225 cm�1 grew rapidly, indicating that the band at
1225 cm�1 can be assigned to sulfate species.

After being pre-saturated by SO2, the sample was sub-
sequently purged by N2 for 120 min and then the gas flow was
switched to NH3. As the exposure time increased, new bands at
1461 and 1267 cm�1 and a broad adsorption band between
3400 and 2700 cm�1, with features at 3344, 3201, 3031, and
2784 cm�1, were detected. The band at 1267 cm�1 was due to
the symmetric deformation of NH3 (ds(NH3)) coordinatively
bound to Lewis acid sites; correspondingly, the bands in the
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N–H stretching region were also observed at 3201 cm�1 (ns(NH3))
and 3344 cm�1 (nas(NH3)).39–41 The bands at 1697 and 1461 cm�1

were assigned to the symmetric (ds(NH4
+)) and asymmetric

(das(NH4
+)) deformation of NH4

+ bound on Brønsted acid sites
corresponded to broad adsorptions at 3031 and 2784 cm�1

(n(NH4
+)).42,43 It was noted that the band at 1225 cm�1 attributed

to sulfate species was overlapped by the band of 1267 cm�1

(ds(NH3)), thus no observable effect of NH3 on sulfate formation
was detected.

In Fig. 1(B), the sample was first exposed to NH3 for 120 min
in synthetic air flow, followed by N2 purge, and then SO2 was
introduced to the gas flow. In contrast to Fig. 1(A), NH3

adsorption at 1616 (das(NH3)), 1461 (das(NH4
+)) and 1267 cm�1

(ds(NH3)) was weak even after a 120 min reaction. The results
implied that the pre-sorption of SO2 promoted the adsorption
of NH3 on g-Al2O3. Once the sample was exposed to SO2,
chemisorbed SO2 species at the bands of 1225, 1080 and
964 cm�1 were detected. After SO2 was introduced onto the
surface of the sample, bands of NH4

+ bound to Brønsted acid
sites at 3031, 2784 (n(NH4

+)) and 1461 cm�1 (das(NH4
+)) grew in

intensity as the exposure time increased. It was likely that NH3

adsorbed on Lewis acid sites transformed into NH4
+ in the

presence of SO2. The results further implied that SO2 had a
positive effect on the formation of NH4

+ on g-Al2O3. In contrast,
no obvious effect of NH3 on the formation of sulfate species was
observed due to the poor signal from 1200 to 900 cm�1.

To further study the influence of the gaseous reactants on
each other in the heterogeneous reaction on g-Al2O3, SO2 and

NH3 were introduced simultaneously, and the DRIFTS spectra
are shown in Fig. 2. It was obvious that adsorbed NH3 species
rapidly dominated on the surface of g-Al2O3. Meanwhile, the
formation of sulfite species was clearly observed at bands
of 1080 and 964 cm�1. Compared to the individual reaction
of SO2 or NH3 on g-Al2O3 in Fig. 1, more chemisorbed NH3 and
SO2 species formed on the surface of the sample. To clearly
illustrate the interaction between SO2 and NH3, the integrated
areas of bands at 964 and 1461 cm�1 attributed to sulfite and
ammonium in Fig. 1 and 2 were compared as shown in Fig. 3.
Compared to the individual gaseous reactant reactions, sulfite
and ammonium increased significantly in the reaction when
SO2 and NH3 coexisted. Therefore, a synergistic effect between
SO2 and NH3 existed on the surface of g-Al2O3.

Since the DRIFTS spectra cannot clearly identify the sulfate
species formed on g-Al2O3, XPS was used to confirm the chemical
speciation of surface-adsorbed species (Fig. 4). In Fig. 4(A),
the S 2p spectrum showed two peaks with binding energies at
168.5 � 0.2 eV and 169.5 � 0.3 eV for S 2p3/2 by fitting the
experimental photoelectron peaks. The former was assigned
to the S–O band in SO3

2� species and the latter was due to
the presence of SO4

2�.18,44 It is obvious that sulfite was the
dominant species on the surface regardless of the presence of
NH3. In Fig. 4(B), the N 1s spectra exhibited a main peak at

Fig. 1 In situ DRIFTS spectra of (A) 200 ppmv SO2 reaction on the g-Al2O3

surface followed by 100 ppmv NH3 reaction; (B) 100 ppmv NH3 reaction
on the g-Al2O3 surface followed by 200 ppmv SO2 as a function of time in
a flow of 100 mL min�1 synthetic air (80% N2 and 20% O2) at 303 K.

Fig. 2 Dynamic changes in the in situ DRIFTS spectra of g-Al2O3 as a
function of time with a flow of 200 ppmv SO2 + 100 ppmv NH3 + 20% O2 +
80% N2 at 303 K.

Fig. 3 Comparison of the integrated absorbance area for (A) sulfite and
(B) ammonium under different reaction conditions.
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401.0 � 0.1 eV with a shoulder at 399.0 � 0.3 eV ascribed to
NH4

+ bound on Brønsted acid sites and NH3 chemisorbed on
Lewis acid sites, respectively.45 Similar to the IR results, sulfite
and ammonium also increased in amount after treatment with
SO2 and NH3 simultaneously compared to that after treatment
with SO2 or NH3 individually, further supporting that SO2 and
NH3 react on g-Al2O3 synergistically.

Heterogeneous reactions of SO2 and NH3 on other typical
mineral oxides

To clarify whether the synergistic effect between SO2 and NH3

existed on other typical mineral oxides, in situ DRIFTS experi-
ments were also carried out on TiO2, MgO and a-Fe2O3. DRIFTS
spectra are shown for TiO2, MgO and a-Fe2O3 in Fig. S3 and S4
(ESI†) and Fig. 6, respectively. The assignments of surface species
formed during the reactions are summarized in Table 1. The SO2

or/and NH3 reactions on TiO2 and MgO were similar except for
the weak adsorption of NH3 on MgO. Both sulfite and sulfate
species formed on the surfaces when SO2 reacted alone. For the
NH3 reaction, only weakly adsorbed NH3 coordinated on Lewis
acid sites was observed for MgO; the coverage of NH4

+ on TiO2

was low due to no observation of its vibration modes in the
high N–H stretching region.39,42 When SO2 and NH3 coexisted
in the gas flow, NH3 on Lewis acid sites was clearly transformed

to NH4
+ bound on Brønsted acid sites. For TiO2, sulfite species

decreased while the transformation of bridging sulfate to
bidentate sulfate was observed, indicating that sulfate species
concentrated on the surface of TiO2. According to the integrated
areas (Fig. 5), a synergistic reaction between SO2 and NH3 existed
on TiO2 and MgO.

The oxide a-Fe2O3 was slightly different relative to other
oxides because it is reactive in the conversion of SO2 towards
sulfate at room temperature. When a-Fe2O3 was exposed to SO2

(Fig. 6(A)), bands at 1248, 1168 and 1024 cm�1 attributed to
bidentate sulfate grew in intensity with increased exposure time.46,47

The bands at 1338 and 1318 were also observed by other researchers,
possibly due to the accumulation of sulfate species.25,47–49 In
the case of NH3 reaction, only weak adsorption of NH3 coordi-
nated on Lewis acid sites was observed.39 When the sample
was exposed to SO2 and NH3 simultaneously (Fig. 6(B)), a band
at 1109 cm�1 appeared and the bands at 1318, 1248 and
1165 cm�1 red-shifted slightly. In addition, new bands at 3212,
3036, 2842 and 1434 cm�1 derived from chemisorbed NH3 were
observed.42 The results indicated that a different situation
occurred in the presence of SO2 and NH3.

Previous studies found that the conversion of monodentate
into bidentate sulfate was favored during acidification and
that the stretching frequency would increase in this process,
regardless of the wet or dry state.47,54 Persson et al. observed

Fig. 4 XPS spectra of (A) S 2p and (B) N 1s, (a) fresh g-Al2O3, (b) treated by
individual 200 ppmv SO2, (c) individual 100 ppmv NH3, and (d) 200 ppmv
SO2 and 100 ppmv NH3 simultaneously balanced with synthetic air in a
flow of 100 mL min�1 for 120 min followed by purging N2.

Table 1 Vibrational frequencies of chemisorbed species formed on the surfaces of mineral dust

Surface species g-Al2O3 TiO2 MgO a-Fe2O3

SO3
2�/HSO3

� 1080, 96415,19 108723,50 1043, 95815,20,23

SO4
2� Bridging 1209, 113323,50–52 1290, 1240, 1156, 102453–55

Bidentate 122518,20 124523,50,51 1198, 116715,23,56,57 1248, 1168, 102416,46–48,58

L-acid sites das(NH3) 161639–41,43 1587, 154659–61 161139 160439

ds(NH3) 126739–41,43 1216, 116259–61 118539 1220, 114339

nas(NH3) 334440,41,43 3395, 334759–61 3391, 336442,59–61

ns(NH3) 320140,41,43 3245, 313959–61 3257, 319842,59–61 321242,43,59–61

B-acid sites ds(NH4
+) 169739–41 1481, 146059–61

das(NH4
+) 146139–41 143439–41

n(NH4
+) 3031, 278442,43 3024, 278059–61 3024, 278842,43 3036, 284239–41

Fig. 5 Comparison of the integrated absorbance area for sulfate and
ammonium under different reaction conditions.

Paper PCCP

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 R
E

SE
A

R
C

H
 C

E
N

T
R

E
 F

O
R

 E
C

O
-E

N
V

IR
O

N
M

E
N

T
A

L
 S

C
IE

N
C

E
S,

 C
A

S 
on

 2
3/

02
/2

01
6 

08
:3

9:
49

. 
View Article Online

http://dx.doi.org/10.1039/C5CP06144J


960 | Phys. Chem. Chem. Phys., 2016, 18, 956--964 This journal is© the Owner Societies 2016

free sulfate ions at 1100 cm�1 in a weak base solution of Na2SO4

via ATR-FTIR, and found that the band would be split into
bands at 1210 and 1045 cm�1 once the pH is decreased.62 In the
present study, the increased intensity of the band at 1109 cm�1

indicated that the surface basicity increased with co-adsorption
of NH3, and that the adsorbed sulfate species may undergo
chemical changes to become low-coordinated sulfate species.
The bands at 1318, 1248 and 1165 cm�1 red-shifted to lower
frequencies at 1290, 1240 and 1156 cm�1 attributed to bridging
sulfate, implying that sulfate species tend to change from
bidentate to monodentate.47,55,58 Adsorbed NH3 species also
underwent chemical changes in the presence of SO2 because
new bands corresponding to NH4

+ species on Brønsted acid
sites appeared.40,42 Similar to other oxides, integrated areas
(Fig. 6(C)) confirmed a synergistic effect between SO2 and NH3

on a-Fe2O3, indicating that the mechanism of synergistic reac-
tions on different mineral oxides may be identical.

It is known that in situ DRIFTS and XPS are only surface-
sensitive and poor in terms of quantitative analysis. Therefore,
ion chromatography (IC) was used to investigate the reaction

Fig. 6 In situ DRIFTS spectra of a-Fe2O3 exposed to (A) individual
200 ppmv SO2 or 100 ppm NH3, (B) 200 ppmv SO2 and 100 ppmv NH3

simultaneously, and (C) integrated areas of sulfate and ammonium under
those two conditions.

Fig. 7 Ion chromatography results of the amounts of (A) sulfate, (B) sulfite,
(C) sulfate + sulfite, and (D) ammonia species (product per unit mass/surface
area of the sample) formed on the surfaces of oxides after reaction with SO2

and SO2 + NH3.
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products of SO2 and NH3 formed on mineral dust quantitatively
as shown in Fig. 7. The oxide powders were placed in a fixed
bed quartz tube reactor and treated with SO2 or/and NH3 for
60 min. The reaction conditions were the same as those for
in situ DRIFTS. It was found that the formation of sulfur species
was significantly promoted by NH3. For MgO and a-Fe2O3, the
promotion function by NH3 was obvious for sulfate species while
nearly no effect was found for sulfite species. In contrast, sulfite
species was obviously promoted to form on g-Al2O3 and TiO2.
And a weaker promotion effect was detected for sulfate species.
Fig. 7(C) shows the total sulfur species formed on mineral dust
under different reaction conditions and the enhancing multiple
by NH3 decreased in the order of g-Al2O3 (3.20) > a-Fe2O3 (1.99) >
TiO2 (1.94) > MgO (1.10). In the case of NH3 species (Fig. 7(D)),
the promotion effect by SO2 was also more significant for acidic
oxides like g-Al2O3 and a-Fe2O3 compared to basic oxides like
MgO. It was noted that the amount of NH4

+ given here was the
total amount of ammonia adsorbed on mineral dust. Similar to
the DRIFTS results, the IC results confirmed that a synergistic
effect between SO2 and NH3 existed on mineral dust. Table S2
(ESI†) shows the IC results of reacted a-Fe2O3 after exposure to
SO2 or/and NH3 for different times in the in situ chamber, and it
was found that the adsorption of SO2 and NH3 was promoted
by each other, indicating that the synergistic effect can be
reproducible in the in situ chamber.

Mechanism for SO2 reaction on mineral dust

Sulfite-like species were produced when SO2 interacted with
g-Al2O3, TiO2, and MgO at room temperature. Previous studies
elaborated the mechanism for the adsorption of SO2 on oxides
involving initial adsorption of SO2 either on Lewis acid sites
(coordinately unsaturated aluminum atoms) to form weakly
adsorbed SO2 or on Lewis base sites (exposed oxygen atoms)
followed by rearrangement to form chemisorbed sulfite via the
following surface reaction:38

SO2 + O(lattice)
2� - SO3

2� (a) (1)

The result was confirmed by a theoretical study that the
formation of surface sulfite was favored when SO2 interacted
with low-coordinated O2� at steps and kinks.63

Surface hydroxyls were the principal reactive sites on metal
oxides, which functioned as adsorption sites for water and in
turn, adsorbed water dissociated into more hydroxyls at oxygen
vacancies or hydrogen-bonded to surface O–H groups.64–66

Zhang et al. proposed that those metal oxides having empty
or half-empty d atom orbitals, such as Al2O3, tend to adsorb O2

and H2O (g) to form surface hydroxyls, which are in favor for the
heterogeneous reaction with SO2.18 Accordingly, for highly
hydroxylated oxides, such as TiO2 and Al2O3, sulfite species
also formed according to reactions (2) and (3):15,16

SO2 + OH� (a) - HSO3
2� (a) (2)

SO2 + 2OH� (a) - SO3
2� (a) + H2O (3)

In addition to sulfite, sulfate species formed on the surface
of g-Al2O3, TiO2 and MgO. To date, a few studies have observed

the oxidation of SO2 on the surface of Al2O3 and TiO2 at room
temperature without other oxidants.15,50 Baltrusaitis et al. stated
that surface oxygen atoms interacted with adsorbed SO3

2�

species on Al2O3 to withdraw the electron density from the sulfur
atom and generated a ‘‘sulfate-like’’ species without electron
transfer taking place.17 Smith et al. compared the reactions of
SO2 with nearly perfect and high-defect TiO2(110) surfaces
and found that SO2 reacted vigorously with defects while inter-
acted weakly with nearly perfect TiO2(110).67 Warburton et al.
identified the conversion of sulfite species to sulfate through
incorporation into two raised-row O atoms on TiO2(110) using
NEXAFS.68 Noting that lots of defects and step edges exist on
oxide particles (e.g. TiO2, Fig. S5, ESI†) and the reactivity in the
formation of sulfate decreased for calcined-TiO2 due to restored
defects (Fig. S6, ESI†), it is found that the oxide powders used in
this study provide favorable sites for the reaction between SO3

2�

and oxygen atoms. A reaction for sulfate formation has been
proposed as shown in eqn (4).17 [O](surface) here represents the
oxygen species on the surface of the sample.

SO3
2� (a) + [O](surface) - SO4

2� (a) (4)

In this study, a clear growth of the band at 1623 cm�1 with
increasing time was observed when g-Al2O3 was exposed to SO2

(Fig. 1). The band at 1623 cm�1 was assigned to the bending
mode of the adsorbed H2O.69 Though the formation of SO3

2�

was involved in the generation of H2O, it was proposed that the
formation of SO4

2� was also accompanied by the generation of
H2O as shown below:18,50

HSO3
� (a) + [O](surface) + OH� (a) - SO4

2� (a) + H2O (5)

The formation pathway of SO4
2� on a-Fe2O3 is likely different

relative to g-Al2O3 and MgO, because Fe(III) in a-Fe2O3 is much
more active in the oxidation of SO2 to sulfate. As shown in the
DRIFTS spectra, surface-coordinated sulfate or bisulfate species
dominated on the surface of a-Fe2O3. Several previous studies
found that a redox process took place in the heterogeneous
reaction of SO2 on Fe(III), containing aerosols, where Fe(III) could
be reduced to Fe(II) by oxidizing low-valence sulfur compounds
like SO2.16,70 Fu et al. proposed that oxygen was involved in the
re-oxidation of Fe(II) to Fe(III) through reaction with SO3

�� during
this process.16 The reactions could be expressed:

Fe(III) + OH� (a) + HSO3
� - Fe(II) + SO3

�� (a) + H2O (6)

Fe(II) + SO3
�� (a) + [O](surface) - Fe(III) + SO4

2� (a) (7)

These reactions only proceed on an acidic surface, for exam-
ple, when SO2 reacts alone on a-Fe2O3. However, in this study,
the presence of NH3 increased the basicity of a-Fe2O3, thus a
different reaction may occur when the sample is exposed to SO2

and NH3 simultaneously. Baltrusaitis et al. proposed an alter-
native mechanism for the oxidation of SO2 to sulfate involving
the reaction of adsorbed sulfite with activated molecular oxygen
at a-Fe2O3 oxygen vacancy sites.17 The reactions are as follows:

O(vacancy) + O2(g) + 2e� - 2O� (8)

SO3
2� (a) + O� - SO4

2� (a) + e� (9)
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As a-Fe2O3 was in fact oxygen deficient and NH3 is a good
electron-pair donor, Fe–O (vacancy) was a negatively charged
oxygen vacancy.17,71 Therefore, the heterogeneous reactions of
SO2 on a-Fe2O3 may also take place in this way.

Mechanism of NH3 promotion for the formation of sulfate
species

In the present study, the presence of NH3 promoted the formation
of sulfite and sulfate species obviously, especially on hydroxylated
oxides like a-Fe2O3 and g-Al2O3. Early studies proposed that the
water film on the surface of vessels was responsible for the fast
oxidation of SO2 to sulfate in the presence of NH3.31,32 Even
though this study was conducted under dry conditions, gaseous
water molecules would be present and adsorbed on the surfaces
of oxides. Under these conditions, NH3 would ‘‘dissolve in’’ water
by producing NH4

+ via reaction (10) or bond to water molecules
through a hydrogen bond between the H atom of H2O and the N
atom of NH3.72–74

NH3 + H2O (a) - NH4
+ (a) + OH� (a) (10)

The FTIR result suggested that this reaction occurs readily
on g-Al2O3 and TiO2 (Fig. 1(B) and Fig. S3(A), ESI†). The
increased surface basicity due to the generation of OH� via
eqn (10) would promote the adsorption of SO2 as HSO3

� or
SO3

2� via reactions (2) and (3), and a homogeneous-like process
consisting of oxidation of HSO3

� or SO3
2� to SO4

2� in the
presence of oxygen may be involved in the formation of sulfate
species.75 Since oxygen vacancy sites and acid–base properties
of the hydroxyl groups on solid oxides determine the chemical
properties of the oxides, NH3 may also promote the formation
of sulfate in other ways.33,34 It was found that the adsorption of
NH3 coordinatively on Lewis acid sites was obvious for TiO2 and
a-Fe2O3 (Fig. S3(A), ESI† and Fig. 6(A)), possibly due to consider-
able oxygen vacancies near the surface of TiO2 and a-Fe2O3.71,76

Besides, hydroxyl groups were clearly consumed when NH3

interacted with mineral dust, suggesting that surface acid
hydroxyls act as adsorption sites for NH3.

When NH3 adsorbed on the surfaces of oxides, a synergistic
adsorption of SO2 may occur as SO3

2� via reactions (1)–(3).
Since SO3

2� is a strong proton acceptor and NH4
+ is a good

proton donor, a donor–acceptor complex ‘‘+H4N–SO3
2�’’ would

form. The proton-transfer action between sulfite and adsorbed
NH4

+ species may stabilize the sulfite species on the surface
and further oxidation of sulfite species proceeds according to
reactions (4)–(9).

Mechanism of SO2 promotion for the formation of NH4
+

Since SQO has strong affinity to electrons, the Lewis acid
strength of metal ions would become much stronger when
connected to sulfate. Thus Brønsted acid sites will be created
when a water molecule is bound to the Lewis acid site via
reaction (11).77

(11)

In addition, a structure resembling (M3O3)SQO in the anhydrous
environment or in the absence of OH groups would convert to
(M2O2)SQOOH in the presence of H2O or surface OH groups,
and new Brønsted acid sites would be produced in this way.58

(12)

The FTIR results (e.g. Fig. 1) showed that NH3 coordinated on
Lewis acid sites transformed into NH4

+ on Brønsted acid sites
rapidly once the sulfate species formed. The results indicated
that the increased Brønsted acid sites promoted the formation
of NH4

+ species on mineral dust.

Conclusions and atmospheric
implications

A synergistic effect existed between SO2 and NH3 on typical
mineral dust at ambient temperature was observed using in situ
DRIFTS, and that effect was further confirmed by XPS and
ion chromatography. It was found that the presence of NH3

promoted the formation of sulfur species significantly on the
surfaces of mineral oxides. Once upon sulfation, excessive
Brønsted acid sites generated in the presence of water mole-
cules which was in favor of the formation of NH4

+. The surface
properties of dust were shown to play an important role in the
synergistic effect between SO2 and NH3.

The results have implications for atmospheric processes
involving SO2 and NH3 on mineral dust. The metal oxides in
mineral dust under solar UV light may act as atmospheric
photocatalysts promoting the formation of OH radicals, initiating
the conversion of SO2 to sulfuric acid and further production
of particle sulfate as reported by Dupart et al.78 Whereas the
reactions of SO2 on metal oxides in the presence of NH3 or not
in the current study proceed under dark conditions, possibly
thermochemical. Such reactions may occur at night only,
although the importance of this dark transformation relative
to rates of photochemical oxidation of SO2 needs to be further
investigated.

Recent studies find that sulfate species account largely for
severe haze pollution in China, accompanied by the increase of
mineral dust, and the severe pollution episodes are attributable
to new particle formation (NPF).24,79,80 It was observed that
strong nucleation events are initiated by the strong dust events,
and an occurrence of high concentrations of nano-sized parti-
cles preceded aerosol nucleation.78,80 The smaller dust particles
with average grain size varying from 10 to 35 nm in this study
indicate longer residence times in the atmosphere, which
may affect the chemical composition of the atmosphere
through interacting with SO2 and other atmospheric gases. It
will allow the formation of a large amount of new aerosols
though in principle a population of dust can inhibit NPF by
acting as a sink for nucleating vapors.78 Thus the role of
size distribution regarding mineral dust in the new particle
formation needs to be valued.
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Enhanced atmospheric oxidation was reported to play an
important role in this process.24,78 However, the results from
this study show that the coexistence of NH3 with SO2 promotes
the formation of sulfate on mineral dust, suggesting a different
reaction pathway for SO2 in the presence of NH3. In haze
pollution days, such reaction would be expected to occur on
the surfaces of mineral oxides though the heterogeneous reac-
tion of mixed SO2 and NH3 with atmospheric concentration
levels on mineral dust needs to be further investigated. This
process will promote the consumption of SO2 and NH3, and
production of sulfate and ammonium. Mineral oxides coated
with sulfate and ammonium can act as giant seeds for cloud
droplets facilitating aqueous phase reactions of other pollu-
tants as well as warm rain initiation in a polluted atmosphere.81

In addition, mineral dust with the addition of secondary
compounds as sulfate and ammonium species may reduce
the ice nucleation ability of the mineral dust due to concealing
or physicochemical modification of the fraction of ice active
sites as reported by previous studies.82,83

Finally, the difference in the synergistic effect between SO2

and NH3 on various mineral oxides implies the different roles
of mineral dust aerosols in the transformation reactions of SO2

and NH3 in the atmospheric system. We found that the oxida-
tion amount of SO2 per unit surface decreased in the order of
Fe2O3 > MgO > Al2O3 > TiO2 in the absence of NH3. And sulfate
species was obviously promoted to form on Fe2O3 and MgO
while sulfite species was for Al2O3 and TiO2 when NH3 coexisted
in the gas flow. In the mineral aerosol system, those dust particles
containing iron and magnesium might be more effective in the
conversion of SO2 towards sulfate species in the presence of NH3.
Such a difference in oxide reactivity was possibly due to the
variation in the surface properties of mineral dust as reported
previously.17 Further experimental investigations, such as the
influence of oxygen species, the acid–base properties of surface
hydroxyls, and the different mixed-morphologies of mineral dust,
are needed to establish the relationship between mineral dust and
transformation of sulfur and ammonia species.
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