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The heterogeneous reaction of SO2 on TiO2 particles was studied using in situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS). The influences of the oxygen concentration, relative humidity (RH), and ultraviolet (UV) light illu-
mination ( 365 nm) intensity on the reaction were investigated. The main product of the heterogeneous reaction of SO2 on 
TiO2 particles was sulfate with UV illumination and sulfite without it. The production of sulfate was promoted significantly 
with UV illumination or water, and there was a synergistic effect when both were present. In the dry system without UV, the 
heterogeneous reaction of SO2 on TiO2 particles was found to be second-order for SO2 and the initial uptake coefficient, BET, 
was determined to be 1.94 × 106. With UV and RH = 40%, the reaction order was first-order and the initial uptake coefficient 
was 1.35 × 105. 
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1  Introduction 

Sulfur dioxide (SO2) is one of the major gaseous pollutants 
in the atmosphere, where it is an important precursor of acid 
rain. It can be oxidized into sulfuric acid or sulfate by O3,  
·OH, and other radicals. Acid rain can damage entire eco-
systems and sulfate aerosols influence global climate change 
via direct and indirect irradiative forcing [1–3]. The inhala-
tion of SO2 can induce or cause deterioration of respiratory 
diseases, such as asthma [4]. The main source of SO2 in the 
atmosphere is emissions from the burning of sulfur-containing 
fossil fuels. Thus, the distribution of SO2 shows seasonal 
and spatial variety [5, 6]. Although effective measures have 
been adopted to control SO2 emissions since 1990 [7, 8], 
energy demand and the energy structure make SO2 pollution 
an attention-worthy problem in China. 

Increasing research shows that the reactions of trace 
gases with particles play an important role in atmospheric 
chemistry. The heterogeneous reaction of SO2 on particle 

surfaces is another pathway for SO2 depletion and sulfate 
formation. Studies since the 1970s have demonstrated that 
the uptake of SO2 on particles leads to sulfite and sulfate 
formation [9]. The reaction mechanism and kinetics are 
related to the physical and chemical characteristics of the 
particles, such as surface active sites, acidity, and surface 
area [10–13]. Studies have focused on mineral particles and 
sea salts. Goodman et al. [14] studied the reaction of SO2 on 
-Al2O3 and MgO, using a Knudsen cell and Fourier- 
transform infrared (FT-IR) spectroscopy. Ullerstam et al. 
[14] studied the reaction on mineral dust using DRIFTS and 
determined the uptake coefficient. A study of iron oxides 
showed the influence of surface hydrogen, oxygen, and sur-
face adsorbed water [10, 16]. With the reaction on -Al2O3, 
the presence of NO2 improved the oxidation of SO2 [17]. Li 
et al. [11] studied the heterogeneous oxidation of SO2 by 
ozone on the surface of sodium chloride and mixtures with 
other components using in situ DRIFTS and proposed a 
three-stage mechanism: (1) O3 was adsorbed on the NaCl 
surface, which resulted in an alkalescent surface; (2) the ad-
sorption of SO2 was then followed by (3) O3 oxidation. The 
adsorption of O3 on the NaCl surface was the rate-determining 
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step. The reaction was zero-order for SO2 and first-order for 
O3. The reaction uptake coefficients BET and GEO were de-
termined to be about 108 and 105, respectively. Li et al. [18, 
19] also studied the reaction on CaCO3 as representative 
mineral particles and proposed a two-step mechanism: (1) 
SO2 was absorbed on wet CaCO3 particles, leading to the 
formation of sulfite; and (2) the sulfite was quickly oxidized 
into sulfate by O3. The adsorption of SO2 was rate-determining 
and it could not happen on dry calcium carbonate. The reac-
tion was first-order for SO2 and zero-order for O3 and BET 
and GEO were determined to be around 107 and 104, re-     
spectively. 

To date, most studies on the heterogeneous reaction of 
SO2 on particles have examined dark environments and few 
have studied reactions with illumination. David et al. [20]. 
studied the SO2 reaction on -Fe2O3(0001) and found that 
UV illumination promoted the adsorption of SO2. Tai et al. 

[21] showed that the consumption rate of SO2 on -Fe2O3 
was faster in the presence of UV. Thus, the heterogeneous 
reaction of SO2 on particles with illumination differs from 
that without illumination. Research examining the hetero-
geneous reaction of SO2 with irradiation has practical im-
portance. The n-type semi-conductor TiO2 is excited by UV 
( 387 nm) and produces photo-induced electrons and 
holes, resulting in active species that participate in atmos-
pheric photochemical reactions, primarily O2 and ·OH [22]. 
TiO2 is used as a photocatalyst and an additive in paints, 
food, and make-up. Although it is far less abundant than 
other insulative oxides, like SiO2, Al2O3, and MgO, the het-
erogeneous reaction on a TiO2 surface is non-negligible and 
the heterogeneous photo-oxidative reaction is probably an 
important pathway for the transformation of air pollutants 
on particles. We use DRIFTS to study the heterogeneous 
reaction of SO2 on TiO2 particle surfaces. The influences of 
the oxygen concentration, relative humidity (RH), and UV 
light illumination ( 365 nm) intensity on the reaction 
were investigated. A mechanism for the heterogeneous re-
action of SO2 on TiO2 particle surfaces was proposed. 

2  Experiments 

TiO2 (Degussa, P-25) was used as purchased. The powder 
surface area was 49.89 m2/g, measured using an ASAP2010 
BET apparatus with multipoint Brunauer-Emmett-Teller 
(BET) analysis. The sample consisted of 70% anatase and 
30% rutile, based on X-ray diffraction, and the particle di-
ameter was about 20 nm, determined by transmission elec-
tron microscopy (H-9000NAR) 

Infrared spectra were recorded in the spectral range from 
4000 to 1000 cm1 with a Nicolet Nexus FT-IR spectrome-
ter equipped with a mercury cadmium telluride (MCT) de-
tector and a DRIFTS optics accessory (model DRA-2CO, 
Harrick Scientific). Spectra were recorded at a resolution of 

4 cm1 and 128 scans were averaged for each spectrum with 
a time resolution of less than 2 min. The DRIFTS reactor 
used in this experiment has been described in detail else-
where [11]. The spectra are presented in K-M scale, which 
gives a better linear relationship with concentration [23]. 

Before the experiment, SO2 (Beijing Huayuan Gas Chemi-    
cal) was diluted and mixed with carrier gas. The flux of high 
purity N2, high purity O2, water vapor and air was con-
trolled by mass flow controllers (MFCs), according to the 
experimental conditions, and the total flow was 200 sccm. 
The diluting gas was air in most experiments, although pure 
O2 and N2 were mixed to obtain different O2 concentrations. 
The reaction chamber was flushed with N2 for 1 h, and then 
for another 0.5 h while the sample was kept at 25 °C. This 
treatment removed most of the loosely adsorbed water, al-
though water remained in the particles. A background spec-
trum was recorded at the end of the N2 flush, and then a 
mixture of SO2 at known concentrations and RH in N2 or air 
was introduced to the reaction chamber. A typical experi-
ment lasted for 180 min. 

The RH was controlled using a saturated water vapor 
generator and measured using a Rotronic Humidity sensor 
(NT2-D) at the outlet of the DRIFTS equipment. The UV 
light was obtained with a 500 W xenon light (CHF-XM35). 
After filtering with a 365 band pass filter, the UV light was 
introduced into the DRIFTS reaction cell via a UV optical 
fiber. 

The amounts of sulfite and sulfate ions formed during the 
reaction were measured by ion chromatography using a 
Dionex ICS 2500 system equipped with a Dionex AS 14 
analytical column and a conductivity detector. The reacted 
sample was sonicated for 20 min in 5 mL of Milli-Q water 
containing 1% formaldehyde to protect sulfite. A single 
scrubber system with 1.5 mM Na2CO3/1.0 mM NaHCO3 
was used. 

For the experiments, 0.025%–3% (wt) titanium sulfate 
was mixed with NaCl (Alfa Aesar). The mixtures were 
ground adequately, and then their DRIFTS spectra were 
recorded to calculate the relationship between the integrated 
area and concentration. 

3  Results and discussion 

3.1  Reaction of SO2 on TiO2 particle surfaces 

3.1.1  Reaction on dry particles without UV 

The sample was flushed with N2 for 0.5 h and the negative 
adsorption peaks of water stopped decreasing. The back-
ground spectra were recorded, and then 50 ppm SO2 was 
introduced. DRIFTS spectra for 0–3 h are shown in Figure 1. 
The spectra at 1000–1300 cm1 were relatively disorderly, 
due to background adsorption of TiO2. This region revealed 
the adsorption of sulfate and indicated that sulfate produc-
tion was low. 
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Figure 1  (a) DRIFTS spectra of the reaction of SO2 on dry TiO2 particles 
(CSO2 = 50 ppm, air-diluted, without illumination). (b) Relationship of the 
integrated areas of sulfate (1300–1100 cm1), absorbed water (3218–3096 
cm1), and hydroxyl (3666 cm1) with time in Figure 1(a); the data were 
normalized using the absolute value at 3 h. 

As shown in Figure 1(a), after introducing SO2, small, 
sharp, negative peaks appeared at 3666 and 3628 cm1 and 
were attributed to the vibration of hydroxyl on Ti atoms. 
Obvious absorption at 3463–2605 cm1, centered on 3160 
cm1, was observed and was assigned to surface water 
molecule adsorption, and the peak at 1654 cm1 resulted 
from the HOH bending vibration [24]. Adsorption in the 
1300–1100 cm1 region was assigned to sulfate adsorption 
[23, 24] and the positive peak at 1080 cm1 was attributed to 
the adsorption of SO3

2 or HSO3
 [24, 25].  Spectra below 

1100 cm1 were not sufficient for quantitative analysis, be-
cause of the stronger adsorption of TiO2 in this region. Thus, 
only sulfate adsorption was analyzed quantitatively. 

The integrated areas of 1300–1100, 3218–3096, and 
3666 cm1, corresponding to adsorption by sulfate, absorbed 
water, and hydroxyl, were calculated. The data were nor-
malized using the absolute value of that reacted for 3 h and 
the trend is shown in Figure 1(b). With increasing time, 
sulfate and absorbed water increased gradually, while hy-
droxyl decreased, revealing that hydroxyl was consumed in 
the reaction. Simultaneously, some absorbed water was 
produced on the particle surfaces [13, 26]. 

3.1.2  Influencing factors 

(1)  Influence of RH  The reaction was allowed to pro-
ceed in a system with 50 ppm SO2 (diluted with air and no 
illumination) and RH ranging from 0 to 90%. When water 
was present, adsorption due to liquid water appeared at 
1800–3600 cm1 and 1640 cm1 (DRIFTS spectra not shown) 
and these bands were observed at 5 min when the RH was 
20%. Surface hydroxyl adsorption occurred. The adsorption 
of sulfur-containing species below 1300 cm1 was similar to 
that in Figure 1(a), although there was a slight shift, caused 
by vibration of the sulfate combination state [27]. The absorp-     
tion intensity in the 1300–1100 cm1 region was stronger than 
that on dry particles. Figure 2 illustrates the sulfate produc-    
tion at different RH for 2 h. Water obviously improved the 
production of sulfate, in proportion to the RH. Water mole-    
cules not only participated in the reaction as a reactant, they 
may also form a water film that benefited product diffusion 
and surface refreshment [1]. When the RH exceeded 80%, 
the total sulfate production was reduced. Excessive water 
may combine with the active sites on the particle surface 
and hinder the adsorption of SO2 and further reaction.  
(2)  Influence of O2 concentration  The reaction proceeded  

 

Figure 2  Sulfate production for various RH at 2 h (CSO2 = 50 ppm, air-diluted, 
without illumination): integrated area at 1300–1100 cm1. 

 

Figure 3  K-M integrated area of sulfate adsorption at 3 h for different O2 
concentrations (CSO2 = 50 ppm, dry, without illumination): integrated area 
at 1300–1100 cm1. 
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at O2 concentrations ranging from 0 to 60% (v/v) with 50 
ppm SO2 on dry particles. Figure 3 shows the K-M inte-
grated area of sulfate adsorption at 3 h for different O2 con-
centrations. As shown in Figure 3, sulfate production was 
enhanced slightly at greater O2 concentrations. Generally, 
lattice oxygen and residual absorbed oxygen exist on parti-
cles surfaces. Meanwhile, trace amount of O2 will be intro-
duced into the reaction system by the high purity N2. They 
could participate in the reaction [14, 28] and satisfy the oxy-
gen demand.  
(3)  Influence of UV illumination  The reaction of 50 
ppm SO2 with UV light illumination (365 nm, intensity =  

24 W/cm2) was studied with dry gas mixtures and RH = 

40%. DRIFTS spectra are shown in Figure 4(a) and (b). As 
seen in Figure 4(a), on dry particles peaks, sulfate adsorption 
was increased at 1144 and 1196 cm1 in the 1300–1100 cm1 
region. When the RH was set at 40% (Figure 4(b)), sulfate 
production was enhanced significantly after subtracting the 
background increase. The adsorption band at 1170 cm1 
gradually became dominant.  

The improvement in the reaction with UV illumination 
was related to the UV intensity. Experiments with different 
UV light intensities were conducted using dry particles and 
with the RH set at 40%. The corresponding kinetic curve for 
the sulfate production rate in 120 min is shown in Figures 
4(c) and (d). This shows that the sulfate production at RH = 

40% was greater than with dry particles. The sulfate pro-
duction increased with the UV intensity, until saturation 
occurred at 285 W/cm2 on dry particles. 

After reacting for 3 h, the greatest sulfate production was 
obtained in the system with the strongest UV intensity and 
RH = 40% (Figure 4(e)). 

The K-M integrated area of sulfate (1300–1100 cm1) at 
3 h was calculated for four systems: dry, without UV (dry); 
RH = 40%, without UV (RH = 40%); dry, with UV (UV); 
and RH = 40%, with UV (RH = 40% & UV). Water or UV 
illumination alone increased sulfate production (Figure 4(e)); 
UV had a stronger effect than water. The influence of UV 
was significantly improved in the presence of water and the 
sulfate production was greater than with water or UV illu-
mination separately and even their summation, revealing a 
synergistic effect of the two. Figure 4(e) shows the increase 
(in percent) due to the synergistic effect. 

3.2  Determination of reaction order and uptake coefficient 

3.2.1  Kinetic curve of the SO2 reaction 

The reaction of various SO2 concentrations was studied in 
two different systems: (a) dry, air diluted, no UV illumina-
tion; or (b) RH = 40%, air-diluted, with UV illumination at 
365 nm and an intensity of 350 W/cm2. The kinetic curves 
of sulfate production are illustrated in Figure 5. In system 
(a), the kinetic curve had a turning point (Figure 5(a)), while 
in system (b), no obvious turning point was observed with  

 

Figure 4  (a), (b) DRIFTS spectra of the SO2 reaction on TiO2 particles: 
(a) dry, (b) RH = 40% (CSO2 = 50 ppm; air-diluted, 365 nm, intensity = 24 
W/cm2, 1350–1020 cm1 region). (c), (d) Sulfate production in 2 h at 
various UV intensities, (c) dry, (d) RH = 40% (CSO2 = 50 ppm, air-diluted, 
365 nm, 1300–1100 cm1 region). (e) Sulfate production in 3 h for the four 
different systems (CSO2 = 50 ppm, air-diluted, 1300–1100 cm1 region). 

SO2 concentrations of 25 or 50 ppm (Figure 5(b)). Sulfate 
production kept increasing in both systems over 3 h. Both 
the sulfate production rate and amount were enhanced by 
higher SO2 concentrations in an appropriate range. When 
the SO2 concentration was increased to a certain point ( 400 
ppm), the initial reaction rate and final amount of sulfate 
stopped increasing (Figure 5(a)). An excessive SO2 concen-
tration caused rapid sulfate production as most surface active  
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Figure 5  Kinetic curves of sulfate production at different SO2 concentra-
tions (1300–1100 cm1 region): (a) dry, air-diluted, without UV illumina-
tion; (b) RH = 40%, air-diluted, with UV illumination at 350 W/cm2. 

sites were occupied. Beyond this, the activity of particles 
was reduced [29, 30] and the reaction was hindered. 

3.2.2  Quantification of sulfate production 

After measured by DRIFTS, samples reacted under different 
condition or reacted for different time were instantly tested 
using IC. However, the amount of sulfite and sulfate de-
tected by IC and DRIFTS showed no obviously relationship 
(figure omitted). Since IC method measures the average 
concentration of all the sample in a depth of 0.5 mm and the 
detecting depth of DRIFTS is probably several micrometers, 
it can be inferred that the production was not identical at 
different depths. The reaction without UV illumination re-
sulted in sulfite primarily, while the dominant product in the 
presence of UV illumination was sulfate. This indicates that 
SO2 molecules penetrated deeper than the UV illumination 
did. Consequently, it was not reasonable to regress the rela-
tionship of sulfate amount and the K-M integrated area us-
ing the bulk average concentration, determined by IC. We 
adopted a direct method, which calculated the relationship 
by measuring the K-M integrated area at 1300–1100 cm1 of 
a fully ground mixture of NaCl with different ratios of 
Ti(SO4)2. The measurement conditions basically met the K-M 
quantitative demands. A linear relationship was obtained 
and the conversion factor was 1.05 × 1016 molecules per unit 
of K-M integrated area (R2 = 0.93). 

3.2.3  Reaction order and uptake coefficient 

Because increasing SO2 concentrations accelerated the reac-   

tion, the heterogeneous reaction of SO2 on the TiO2 parti-     
cles was related to the SO2 concentration and active sites on 
the particle surfaces. According to the law of mass action, 
the sulfate production rate can be expressed as: 

      2
4 2 2 2d SO d SO TiO H O

m n p
t k     (1) 

where [SO4
2] is the sulfate concentration on TiO2 particle 

surfaces, [SO2] is the SO2 gas concentration, [TiO2] is the 
concentration of active sites on the TiO2 particle surfaces, 
and [H2O] is the surface water concentration, and m, n, and 
p are the reaction orders of SO2 gas, surface active sites, and 
surface water molecules, respectively. 

Initially, the decrease in surface active sites was negligi-
ble compared with the total number of active sites. At this 
stage, the [TiO2] was approximately constant. In the reac-
tions with different SO2 concentrations and the same RH, 
taking the logarithm of formula (1) gives the following: 

       2
4 2 2 2ln d SO d ln ln SO ln TiO ln H Ot k m n p      

(2) 

When the sulfate production increased with the SO2 
concentration, the sulfate production rate (ion/(sg)) could 
be calculated from the kinetic curve. The sulfate production 
rates according to the SO2 concentration for the [dry] and 
[RH = 40% & UV] systems are shown in Figures 6(a) and 
(b), respectively. In the [dry] system, the reaction order of 
the SO2 concentration was 1.84, which is close to a second- 
order reaction. In the [RH = 40% & UV] system, the reac-
tion order for the SO2 concentration was 0.51, which ap-
proximates a first-order reaction. 

The uptake coefficient is an important parameter in a 
heterogeneous reaction because it describes the reaction rate. 
In this study, the reaction uptake coefficient was defined as 
ratio of the number of sulfate ions produced to the number 
of SO2 molecules colliding with particles [14]. When the  

 

Figure 6  Log-log curve of the sulfate production rate plotted against the 
SO2 concentration: (a) dry, without UV illumination, CSO2 = 100–250 ppm; 
(b) RH = 40%; with 365 nm UV illumination at 350 W/cm2; CSO2 = 

25–200 ppm. 
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SO2 concentration was 50 ppm, the initial reaction uptake 
coefficient using the BET surface as the reacting surface, 
BET, was determined to be 1.94 × 106 and 1.35  105 for 
the [dry] and [RH = 40% & UV] systems, respectively. The 
uptake coefficient in the system with UV illumination and 
some water was about 6 times greater than for the dry system. 

3.3  Discussion of the reaction mechanism 

3.3.1  Dry system without UV illumination 

In the dry system without UV illumination, SO2 reacted 
with TiO2 particles, forming sulfite and sulfate. Surface 
hydroxyl was consumed, while some water was produced in 
the reaction. The deduced mechanism was as follows: 
gaseous SO2 molecules were adsorbed on the TiO2 particles 
becoming SO2ads (“ads” indicates adsorbed); the SO2ads re-
acted with surface hydroxyl and adsorbed oxygen [10, 25] 
to produce SO3

2 and HSO3
; the product was further oxi-

dized into SO4
2 and HSO4

–, as indicated by formulaes (3) to 
(6): 

 2ads 3SO OH HSO    (3) 

 2
2ads 3 2SO 2OH SO H O     (4) 

 2O [M] O [M]    (5) 

      2 2
3 3 4 4SO orHSO O M SO or HSO       (6) 

3.3.2  System with UV illumination and a set RH 

SO2 is excited by 365 nm UV light, producing 3SO2, which 
reacts homogeneously with SO2 and O2 and produces gase-
ous SO3, which is transformed into sulfate acid in the pres-
ence of water. On photocatalytic particles, SO3 produced via 
the homogeneous reaction constituted 3.2% of that pro-
duced by heterogeneous photo-oxidation [30]. Here, we 
focused on the mechanism of sulfate production via hetero-
geneous photo-oxidation. 

When the RH was 20%, liquid water formed on the par-
ticle surface and the reaction was close to a liquid reaction. 
SO2ads reacted with water molecules and HSO3

 and SO3
2 [2, 

14] were formed, as shown in formulaes (7) and (8): 

 2ads 2 2 2 3SO H O SO H O H HSO       (7) 

 2
3 3HSO H SO     (8) 

With UV illumination in the presence of water (i.e., RH > 

10), the reaction of SO2 on TiO2 particles was enhanced. 
TiO2 is an n-type semiconductor and with 365 nm irradia-
tion it generates photo-induced electrons (ecb

) and holes 
(hvb

+) on the conduction band (CB) and valence band (VB), 
respectively. ecb

 and hvb
+ are very active and they will react 

with surface oxygen and water (or OH) and produce O2
 

and ·OH [31]. 

As Figure 4(e) shows, the sulfate production in the [RH = 

40%] system reached saturation at about 2 h. For the [RH = 

40% & UV] system, water accelerated sulfate production 
for 3 h. The ·OH generated on UV illumination played an 
important role. Comparing sulfate production in the [dry] 
and [dry & UV] systems, the role of UV illumination in the 
[dry & UV] system was attributed to O2

, although a role 

of ·OH cannot be excluded. In Figures 4(c) and (d), the [dry 
& UV] and [RH = 40% & UV] systems were compared and 
this showed that the UV illuminated reaction increased sul-
fate formation in the presence of RH. O2 was present in both 
systems. Based on the above analysis, we believe that active 
oxygen species were important in the systems with UV il-
lumination. These attack O2 molecules and the oxidation of 
SO2 and sulfate formation were both improved signifi-
cantly. ·OH had a greater role than O2

 species. The pro-
posed mechanism was as follows: 

 2ads 2SO HO HOSO    (9) 

 2 2ads 2 3HOSO +O HO SO   (10) 

 2ads 2 3SO +O SO O    (11) 

 3 2 2 4SO +H O H SO  (12) 

4  Conclusions 

The heterogeneous reaction of SO2 occurred on TiO2 parti-
cles and sulfite and sulfate were produced. Both UV illu-
mination and water enhanced the reaction and they had a 
synergistic effect. Active oxygen species generated on irra-
diated TiO2 particles played an important role in the reac-
tion. 

In the [dry & no UV] system, the heterogeneous reaction 
of SO2 on TiO2 particles was found to be second-order for 
SO2 and the initial uptake coefficient, BET, was determined 
to be 1.94 × 106. With UV and RH = 40%, the reaction or-
der was first-order and the initial uptake coefficient was 
1.35 × 105. Atmospheric chemistry reactions always happen 
at RH > 0 and the uptake of SO2 on semiconductor TiO2 is 
increased significantly during the day. Thus, heterogeneous 
reactions on photocatalytic particles may be important. 
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China (2002CB410802), National Natural Science Fundation of China 
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