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Abstract: The effects of Na2CO3 on the photocatalytic oxidation (PCO) of SO2 with
UV irradiated TiO2 (P25) were studied using a fixed bed reactor. Na2CO3 was loaded
onto P25 using a wet coating method. The PCO efficiency for SO2 with P25 was
enhanced by 1.6 and 10.6 times using 0.05M and 0.2M Na2CO3 modified P25,
respectively. The enhancement of the photocatalytic activity of P25 by Na2CO3 was
observed only with the presence of water vapor. Low temperature (113K) electron
spinning resonance (ESR) analysis showed that Na2CO3 promoted the photoinduced
electron-hole separation by trapping valance band holes and forming carbonate radicals
(CO3•−). The ESR spin trapping analyses showed a remarkable increase in the intensity
of [DMPO-OH] adducts with the addition of Na2CO3. This increase phenomena
indicates that more reactive species were formed on the P25 surface. The deposited
Na2CO3 inhibited the recombination of electron-hole pairs and promoted the generation
of hydroxyl radicals (•OH), most likely through the photo-reduction of O2 adsorbed by
the conduction band electrons. The generated •OH radicals reacted with SO2 rapidly
and improved the PCO effectiveness of P25.
Keywords: Photocatalytic oxidation, Titanium dioxide, Sodium carbonate, Sulfur
dioxide, Electron spinning resonance
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1.

Introduction

Photocatalysis, as an efficient redox technique, has attracted considerable attention in
air cleaning and water purification applications [1-3]. Titanium dioxide (TiO2) based
catalysts are the most widely tested photocatalyst for this purpose [1, 4]. The
photoinduced electron-hole pairs under UV irradiation on TiO2 surface can be
transferred to the catalyst surface to initiate redox; they also undergo recombination to
release heat. The recombination lowers the quantum efficiency of the photocatalytic
reaction and limits the activity of TiO2 [5, 6].

A number of surface modification strategies have been developed in the past few
decades to improve the separation of photoinduced electron-hole pairs before their
recombination [7, 8]. For example, the deposition of noble metals such as Pt [9] and
Au [10, 11] enhanced the photocatalytic activity by increasing the formation rate of
electron-hole pairs and/or accelerating the transfer of the pairs to the catalyst interface.
Modifying TiO2 with carbon-based nanomaterials such as carbon nanotube [12] and
graphene [13] can also increase the electron transfer rate and the adsorption ability of
the catalysts. The effects of inorganic anions including Fluoride (F−), sulfate (SO42−),
and phosphate (PO43−) on the photocatalytic activity of TiO2 were also investigated
for the decomposition of contaminants. These anions were able to alter the pathways
of charge transfer [7] through enhanced hole transfer [14], and/or improved
generation of free hydroxyl groups [15], surface stability and surface acidity [16].

Carbonate (CO32−) is a common and pervasive species in both aqueous and solid
phases. However, there are limited studies on the effects of CO32− on the
photocatalytic activity of TiO2 for environmental remediation [17]. Carbonate salts,
mostly sodium carbonate, reportedly play a different role in the photocatalytic
oxidation of contaminants in liquid with TiO2 suspensions. The addition of Na2CO3
has been found to improve the PCO of aniline and phenol.[17, 18] The proposed
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enhancement mechanisms depend on the contaminants. For the PCO of phenol, the
formation of CO3•− from the hole oxidation of carbonate enhanced the hole transfer
from TiO2 to phenol [17]. An increased number of adsorption sites on TiO2 surface
and the combination of CO3•− and •OH were considered the main reasons behind the
improvement of the photocatalytic degradation of aniline [18]. Sayama et al. [19, 20]
found that the overall water splitting on Pt/TiO2 was expedited by the addition of
Na2CO3. It promoted the formation of peroxycarbonate via the reaction between
carbonate anions and photoinduced holes on the TiO2 surface.

On the other hand, the inhibition effect of carbonate anions on PCO was also reported
in TiO2 suspensions. For the PCO of dichloroethane (DCE), the competitive
adsorption of DCE and anions on the TiO2 surface decreased the decomposition rate
of DCE [21]. Even though the adsorption of acid red 88 (AR) was promoted by the
addition of bicarbonate anions (HCO3−), the detrimental effects on the PCO of AR
with TiO2 were attributed to possible scavenging of hydroxyl radicals (•OH) to form
carbonate radicals (CO3•−), which were less active than •OH [22]. Both the
aforementioned drawbacks were observed when Bouanimba et. al. [23] used P25
suspensions to degrade methyl orange (MO) mixed with NaHCO3 or Na2CO3.

Therefore, the effects of carbonate salts on TiO2 photocatalysis could be system
dependent. To our best knowledge, the effects of carbonate salts on the photocatalytic
activity have mostly been tested for the PCO of aqueous contaminants using TiO2
suspensions. There are few reports for the effects of carbonate on the PCO of gaseous
pollutants with TiO2 particles.

In this work, the gaseous pollutant of concern is sulfur dioxide (SO2). SO2 is largely
emitted from the combustion of sulfur-containing fuels. It is a common air pollutant
that negatively impacts the environment and public health [24]. SO2 in the atmosphere
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can be oxidized by photocatalysts (contained in mineral dusts) into sulfuric acid
and/or sulfate, which cause acid rain and secondary aerosol particles [25-27].

Photocatalytic technology has been developed recently to treat SO2 in indoor air [28,
29] and industrial flue gases [30-35]. The PCO of SO2 is caused by the oxidative
species generated on UV irradiated TiO2 surfaces. The hydroxyl radicals (•OH) and
superoxide radicals (O2•−) are two well known, important oxidative radicals that trigger
the redox reactions [4]. Several researchers reported the PCO of SO2 with these radicals
on TiO2 surfaces [30, 36]. The possible reaction mechanism has been proposed for the
oxidation process:
SO2(ads) + 2•OH → SO3(ads) + H2O

(1)

SO2(ads) + •O2− → SO3(ads) + O−

(2)

SO32− + 2•OH → SO42− + H2O

(3)

SO3(ads) + H2O(ads) → H2SO4(ads)

(4)

Researchers have tried to modify TiO2 to improve the PCO efficiency of SO2 aiming
at industrial applications. The modification methods include supporting TiO2 with
activated carbon [28], multi-walled carbon nanotubes [37], electro-spun nanofibers
[30, 35], and doping TiO2 with Cu [37], Mn [31], and N [32]. Carbonates are
commonly present in the atmosphere and flue gas, and may deposit on the catalyst
surface and affect the PCO process. However, their effects on the PCO of SO2 and the
reaction mechanisms are not available in literature. To understand their possible roles
in the PCO of SO2, it is worth investigating the photocatalytic performance of TiO2 in
the presence of carbonate salts.

In this study, therefore, the effects of Na2CO3 on the PCO of SO2 by P25-TiO2 were
investigated using a homemade fixed bed reactor. The performances of catalysts
modified with NaCl, NaNO3, Na2SO4, NaOH, and NaHCO3 were also compared with
Na2CO3. Different characterization techniques, including X-ray photoelectron
4

spectroscopy (XPS), X-ray Diffraction (XRD), and UV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS), were used to characterize the morphology of TiO2
before and after the catalyst modification and the photocatalytic reaction. Furthermore,
low temperature (113K) electron spinning resonance (ESR) and ESR spin trapping
methods were used to understand the possible mechanisms of the enhanced
photocatalytic activity with respect to Na2CO3.

2.

Experimental

2.1. Sample preparation
P25-TiO2 (Evonik) was used as the basic photocatalyst in this study. Gas cylinders and
chemical reagents were purchased from Air Liquid and Sinopharm Chemical Reagent,
Beijing, China, respectively, unless stated otherwise. The photocatalyst was
immobilized on inert glass beads, of which the sizes are in the range of 0.4-0.5 mm in
diameter. It is deemed to avoid the large pressure drops caused by packing P25
nanoparticles in the fixed bed reactor. The detailed procedure was described elsewhere
[34] and briefly summarized as follow. The glass beads were first washed using
hydrofluoric acid and then immersed in P25 suspensions by continuous stirring for 30
min. Glass beads loaded with P25 were dried at 80 ℃ for 2 hr followed by calcination in
a muffle furnace at 400 ℃ for 3 hr. The coating weight of TiO2 was approximately
20mg/g glass beads.

Photocatalysts modified with carbonate salts were prepared by washing the
immobilized P25 with corresponding solution of different concentrations (0.005 to 0.2
mol/L). For a typical procedure, 3±0.01 g of glass-beads-P25 composites was
impregnated in 50 ml of solution for 30 min. After separation from liquid, the wet
composite catalyst particles were dried at 105℃ in an oven for 6 hr. The resultant
samples were then labeled in the format of P25-A-B, where A and B represent the
concentration of solution and the name of chemical reagent, respectively.
5

2.2. Photocatalytic activity measurement
The photocatalysts were tested for their effects on PCO of SO2 using a homemade fixed
bed reactor. As shown in Figure 1, the reactor was surrounded by four UV lamps
providing an intensity of 3 mW/cm2 at the peak wavelength of 365 nm. The UV
intensity was measured by a UV light meter ST513 (Sentry Optronics Corp.). More
information about the reactor can be found in literature [34].

Comparative tests were conducted following the same procedure under identical
conditions for P25 before and after modification with Na2CO3. In each test, simulated
flue gas, containing 40 ppm SO2, 5 vol% O2, and 2.9 vol% H2O mixed with nitrogen the
balance gas, passed through the reactor at a flow rate of 100 sccm. The reaction
temperature was maintained at 60±1℃ using a temperature controller (Shimaden,
Japan). Three grams (3±0.01 g) of photocatalyst was packed into the reactor with a
height of 160 mm. The corresponding superficial residence time was 1.2 s.

SO2 concentration in the gas stream was monitored by an online gas analyzer (Model
43C, Thermo Scientific). The inlet SO2 concentration was taken for 10 minutes of
stable reading prior to the onset of the test. Then the gas flow was introduced into the
catalyst bed via three-way valves. The adsorption of SO2 without UV light was firstly
conducted until the adsorption reached its breakthrough. Afterward, the UV irradiation
was activated to trigger the photocatalytic oxidation. The variation of the outlet SO2
concentration was recorded every minute in the test. The performance of the catalyst is
quantified by SO2 penetration rate (P), which is defined as the ratio of outlet (Cout) to
inlet SO2 concentrations (Cin):

P

Cout
Cin

(5)
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Figure 1. Diagram of the experimental setup

The Na2CO3 modification process could introduce different factors which may affect
the photocatalytic activity of P25. They include enhanced adsorption of SO2 (due to
the reaction between the deposited Na2CO3 and SO2), deposited sodion (Na+),
deposited carbonate/bicarbonate ions (CO32−/ HCO3−), and hydroxyl groups (OH−) in
the Na2CO3 solution. To quantify their relative importance, the following tests were
also conducted following the same procedure mentioned above.
1) A blank test: The inert glass beads without P25 coated with Na2CO3 by soaking in
Na2CO3 solution (0.2 M) and tested for PCO of SO2.
2) Tests for P25 modified with different sodium salts including NaCl, NaNO3, and
Na2SO4. The results were compared with that of P25 modified with Na2CO3 to
study the effects of Na+ on the PCO of SO2. The concentrations of all the above
sodium salts were 0.2M.
3) Tests for P25 modified with 0.01M NaOH. There are hydroxyl groups in Na2CO3
solution, which may deposit on P25 surface and affect its surface activity. 0.01M
NaOH solution (pH=12) was used to replace 0.2M Na2CO3 (pH=11.8). The goal
7

was to study the possible influences of OH− on the performance of P25 while
eliminating the effect of CO32−.
4) Tests for P25 modified with 0.2M NaHCO3. Both CO32− and HCO3− exist in
Na2CO3 solutions. They deposit on P25 surface and may affect the PCO of SO2
too. It is necessary to investigate the roles of HCO3− and CO32− in the PCO
performance using P25 modified by Na2CO3.

2.3. Characterization of photocatalysts
The samples were characterized using multiple equipment to investigate the
mechanisms underlying the effects of Na2CO3 modification on the photocatalytic
activity of P25. The crystal phase of glass beads, P25, and modified catalyst
composites were characterized by XRD to identify the change in the crystal phase of
TiO2 resulted from the modification. The XRD analyses were conducted using
D/max2550HB+/PC diffractometer with Cu-Kα radiation (λ=0.15418 nm) in
continuous scan mode with a step size of 0.02° in the 2θ range of 10° to 80°.

XPS study was carried out to identify the surface speciation and possible reaction
products on the P25 surface before and after the PCO of SO2. It was conducted using
the Escalab 250Xi (Thermo Scientific) with monochromatic radiation from Al Kα
source at hυ=1486.6 eV. The binding energy of C1s, which is 284.8 eV, was taken as an
internal energy reference for calibration in all experiments.

UV-Vis DRS of catalysts was recorded on a UV-Vis-NIR spectrophotometer UV3600
(Shimadzu, Japan) for wavelength from 200 to 800 nm. The corresponding results
were used to analyze the UV-Vis irradiation acceptance. They can also be used for the
calculation of the band gaps of the photocatalysts.

Electron Spin Resonance (ESR) technology offers a great potential to trap short-lived
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radical species on the photo-irradiated TiO2 surface. This information can be useful to
the elucidation of photo-induced surface reactions. In this study, therefore, ESR spectra
of P25 modified with different reagents were analyzed using JES-FA200 ESR
Spectrometer (JEOL, Japan) operating in X-band at a microwave frequency of 9.06
GHz. The UV irradiation was introduced by an ultrahigh-pressure mercury UV lamp
(Ushio SX-UI502HQ, Ushio Inc.) with an intensity of 50 mW/cm2. Mn2+ was used as
an internal standard (g3=2.0345, g4=1.9804) to calibrate the sample spectra. The other
ESR spectrometry parameters are listed as follows:


Power: 0.998 mW



Modulation frequency: 100 kHz



Modulation width: 0.1 mT



Sweep width: ~10mT



Sweep time: 1-3 min



Temperature: 113K (For ESR spectra of solid samples)



Concentration of P25: 10 g/L (For ESR spin trap).

For each solid test, 50 mg of catalyst was loaded into the ESR. With UV irradiation the
ESR recorded the signals of the surface trapped holes and electrons. The ESR spin
trapping was also conducted for P25 suspensions at room temperature with 50 mmol/L
5,5-dimethyl pyrroline N-oxide (DMPO, Sigma Aldrich) as the trapping agent. DMPO
can trap hydroxyl radical (•OH) produced on the surface of irradiated TiO2 to form
paramagnetic adduct [DMPO-OH], which can be identified by ESR.

3.

Results and Discussion

3.1. Photocatalytic oxidation of SO2 on bare P25
Figure 2 shows the variation of SO2 penetration rate vs. time on stream (TOS) for P25
without modification. The adsorption breakthrough time and reaction breakthrough
time were denoted as tab and trb, respectively. SO2 outlet concentration decreased
dramatically to zero due to the strong adsorption of TiO2 in dark. The UV lamps were
9

then turned on after the adsorption breakthrough of the catalyst bed, when the
photocatalytic reaction took place on the catalysts surface. The corresponding Cout
dropped sharply again to zero. However, after a relatively short duration of
high-efficiency reaction, the efficiency of the photo-reaction began to decline as
indicated by the rising SO2 penetration rate. This is the result of the adsorption of the
reaction products which covered the surface active sites and deactivated the catalyst [30,
34].

Figure 2. Change of SO2 penetration rate vs. TOS for P25

Figure 3 shows the high resolution XPS spectra of S2p and Ti2p before and after the
reactions. No signals of sulfur compounds were observed on the fresh P25 catalyst
(Figure 3A (a)). After the SO2 adsorption in dark, a strong signal was observed, which
can be subdivided into the characteristic S2p doublet. The S2p doublet of S2p3/2 and
S2p1/2 with the binding energies of 167.8 eV and 169.0 eV, respectively, was assigned to
the surface bounded sulfite/SO2 [38]. The binding energies of the doublet shifted to
higher values after UV irradiation (Figure 3A (c)), which can be assigned to the sulfate
species such as SO42− (H2SO4) and/or SO3 [39], indicating the oxidation of the SO2 or
sulfite on the irradiated catalyst surface. Similar shifting was observed in terms of the
binding energy of Ti2p spectra after the photocatalytic oxidation of SO2. The
10

adsorption of SO2 had negligible effect on the binding energy of the fresh P25 sample,
as shown in Figure 3B (b). Nevertheless, after UV irradiation, the PCO products
adsorbed on P25 surface caused the increment of the binding energy of Ti2p from the
original 458.5 eV to 458.9 eV (Figure 3B (c)).

As seen in Figure 3, S(VI) was formed on the irradiated P25 surface. To further
determine the species on the catalyst surface, the fresh P25 sample was washed with 0.1
M H2SO4 followed by drying at 105 ℃ for 6 hr. It was next tested to check the
influences of the accumulated sulfate ions. The corresponding high resolution XPS
spectra are shown in Figure 3 (d). It was found that the samples washed with H2SO4
showed the same S2p doublet as on the UV irradiated catalyst surface (Figure 3A (c)
and (d)). The accumulated H2SO4/SO42− also caused the same shifting in binding
energy of Ti2p (Figure 3B (c) and (d)). In the present study, the flue gas temperature
was maintained at 60℃, and the water content was 2.9 vol% which is three orders of
magnitudes greater than the concentration of SO2. It was reported that over 95% of the
SO3 was converted into H2SO4 at the temperature below 200℃ with the presence of
water vapor [40]. As such, we can conclude that the PCO products of SO2 existed
mainly in the form of H2SO4/SO42− instead of SO3. The deactivated catalyst can simply
be regenerated partially as described in previous studies due to the high solubility of the
PCO products [30, 34].
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Figure 3. High resolution XPS spectra for P25, A: S2p, and B: Ti2p. (a) fresh P25, (b) after
the SO2 adsorption in dark, (c) after PCO, (d) after washing by 0.1 M H2SO4

3.2. Effects of Na2CO3 on the PCO of SO2
The blank test results are shown in Figure 4. It indicates that the Na2CO3 itself cannot
react with SO2 under UV-irradiation after the adsorption breakthrough. Without
immobilizing P25, glass beads exhibited very weak adsorption ability for SO2. UV
irradiation caused a slight decrease in the outlet SO2 concentration, which was
negligible compared to the photocatalytic ability of P25 shown in Figure 2. After
doping with Na2CO3, the accumulated Na2CO3 on the surfaces of the glass beads can
react with SO2 to produce Na2SO3/NaHSO3. They changed the physisorption on glass
beads to chemisorption, which enhanced the SO2 adsorption. However, the
photocatalytic activity was similar to that of the bare glass beads; this indicates that
Na2CO3 itself did not have the ability to oxidize SO2 through photo-reaction. The
enhancement of the PCO ability observed for the P25 modified with Na2CO3 in the
following experiments should mainly be attributed to the interaction between Na2CO3
and TiO2 surface. This will be discussed in detail below.
Worth noting is that the chemisorption of SO2 on surface deposited Na2CO3 can
possibly cause the loss of the effective component CO32−. The gaseous CO2 can be
produced by the reaction between SO2 and Na2CO3. However, not all of the products
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are released from the surface of TiO2. According to a recent study[27], the adsorption
uptake of CO2 on TiO2 (~1.5×1013 molecules/cm2) is of the same magnitude as that of
SO2 on TiO2 (~5.0×1013 molecules/cm2). Thus the generated CO2 are likely adsorbed
onto TiO2 even though the existence of SO2 would decrease the adsorption ability of
CO2 on TiO2[41]. The adsorbed CO2 on TiO2 has shown the formation of carbonate and
bicarbonate species as reported by other researchers [27, 41, 42]. In addition, the
surface deposited Na2CO3, especially the Na2CO3 attached right next to the surface of
the TiO2, will not react with SO2 completely, which can be inferred from the low
efficiency after the adsorption breakthrough. To confirm the existence of the surface
carbonate/bicarbonate species, the XPS analysis was conducted to characterize the
Na2CO3 modified catalyst before and after the SO2 adsorption (shown in Figure S1).
After the modification, the high resolution XPS spectrum of C1s presents a peak with
an increased intensity at the binding energy of 289.3 eV, which is assigned to carbonate
species (Na2CO3 in [43]). After SO2 adsorption, the peak intensity decreases slightly
yet remaining much stronger than the catalyst before modification.

Figure 4. Blank test results for original glass beads (GB) and those washed with
0.2M-Na2CO3

Figure 5 shows the SO2 penetration rate over time with P25 modified by Na2CO3 of
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different concentrations. The photocatalytic ability of P25 was improved dramatically
after being modified with 0.2M Na2CO3. The improvement rate, however, gradually
decreased with the decreasing concentration of Na2CO3. Not much improvement was
found when P25 was modified with 0.005M Na2CO3. As Table 1 shows, the
photocatalytic reaction breakthrough time trb increased by 1.04, 1.64, 4.96 and 10.6
times when the catalysts were modified with 0.005, 0.05, 0.1 and 0.2 M Na2CO3,
respectively. The PCO capacity of SO2 with bare P25 under UV irradiation was about
5.8 mg SO2/g TiO2, while it could be as high as 61.5 (mg SO2/g TiO2) after the
modification with 0.2 M Na2CO3. As stated, the mechanisms of Na2CO3 modification
could be attributed to the adsorption enhancement of SO2 (as observed in Figure 4),
and Na+, CO32−/ HCO3− and OH− in the used Na2CO3 solution. Their effects on the
enhancement of P25 activity are discussed as follows.

Figure 5. PCO performances of the catalysts modified with Na2CO3 of different
concentrations

Table 1 shows the adsorption breakthrough time (tab) for bare P25 and P25 modified
with different salts. It can been seen that the tab was increased from 50 min for bare
P25 to 570 min for P25-0.2M-Na2CO3. This adsorption improvement resulted from
the reaction between the deposited Na2CO3 and SO2 as discussed in the blank test
14

results. The PCO of gaseous SO2 on the surface of TiO2 is a heterogeneous catalytic
reaction. SO2 was firstly adsorbed on the catalyst surface for the reaction to take place.
Therefore, it is reasonable to say that the improved photocatalytic activity could be
attributed to the enhanced adsorption ability of the catalyst. However, the
improvement for the photocatalytic activity of P25 cannot be explained solely by the
enhanced adsorption ability of the catalyst.

Figure 6 shows the comparison of the adsorption breakthrough time (tab) with the
photo-reaction breakthrough time (trb). It shows that tab increased almost linearly with
the concentration of Na2CO3, while trb increased slowly at low Na2CO3 concentration
(<0.05 M) and then increased much faster at higher concentrations. In addition,
NaHCO3 was used to modify P25 in this study, and it could also improve the
chemisorption of SO2. The performance of P25-0.2M-NaHCO3 was compared to that
of P25-0.1M-Na2CO3 (same Na+ concentration) and that of P25-0.2M-Na2CO3 (same
carbon species concentration). Even though the tab of P25-0.2M-NaHCO3 (488 min)
was much longer than that of P25-0.1M-Na2CO3 (335 min), the photocatalytic activity
of the former was about two times less (see Table 1). If the carbon species
concentration remained unchanged (i.e., using 0.2M Na2CO3 modified P25), the
photo-reaction capability could be four times higher than that treated using 0.2M
NaHCO3. As a result, catalyst modification with Na2CO3 could enhance not only the
adsorption ability, but also the photocatalytic activity of TiO2 under UV-irradiation.
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Table 1. Breakthrough time and SO2 dealing capacity for P25 modified by different
reagents
Reagents

Concentration
(mol/L)

pH*

tab (min)

trb (min)

Capacity**
(mg SO2/g TiO2)

--

50

28

5.8

Bare P25

--

Na2CO3

0.005

10.9

55

29

5.8

0.05

11.5

251

46

9.0

0.1

11.6

335

139

26.5

0.2

11.8

570

297

61.5

NaHCO3

0.2

--

488

73

13.3

NaCl

0.2

--

21

20

3.9

NaNO3

0.2

--

18

15

3.0

Na2SO4

0.2

--

18

20

3.9

NaOH

0.01

12

45

23

4.7

*

: The theoretical pH value calculated by the proton balance equation
: The photocatalytic oxidation capacity of SO2 per gram TiO2 before the photo-reaction
breakthrough (with almost 100% removal efficiency of SO2)
**

Figure 6. The adsorption and photo-reaction breakthrough times for P25 modified with
different concentrations of Na2CO3 solution
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The deposition of Na+ on catalyst surface did not contribute to the enhancement of
photocatalytic activity of P25. Three types of sodium salts (NaCl, NaNO3, and
Na2SO4) were used to replace Na2CO3 to evaluate the possible effects of Na+ on the
photocatalytic activity of the modified P25. As seen in Table 1, the PCO of SO2 was
not improved with these modified catalysts. In contrast, the photo-reaction
breakthrough time (trb) of P25 decreased from 28 min to 20, 15, and 20 min for the
P25 modified by NaCl, NaNO3, and Na2SO4, respectively. The inhibition of the
photocatalytic reaction could probably be caused by several reasons as follows. The
adsorption ability of P25 decreased after washing with the aforementioned sodium
salts. This change of performance was mainly caused by the occupation of SO2
adsorption sites on the surface of the catalyst. Besides, the coverage of the sodium
salts on the catalyst surface prevented the UV irradiation from reaching the TiO2, and
consequently lowered the photocatalytic oxidation reaction.

The third column, pH, in Table 1, were recorded when Na2CO3 solution was used to
modify P25. There are abundant hydroxyl groups (OH−) in the 0.2M Na2CO3 aqueous
solution with pH11.8. The hydroxyl groups were likely bounded to the catalyst
surface and they improved the photocatalytic activity of P25. This hypothesis was
tested by examining the performance of the catalyst modified with 0.01M NaOH
(pH=12) instead of 0.2M Na2CO3 (pH=11.8). Comparison between the results of
P25-0.2M-Na2CO3 and P25-0.01M-NaOH in Table 1 shows that the PCO activity of
P25 modified by NaOH was much lower than that by Na2CO3 despite of the higher
OH− concentration in NaOH. The result confirms that the hydroxyl groups in Na2CO3
solution were not the main factor that contributed to the enhancement in the
photocatalytic activity of P25.

In summary, the enhanced photocatalytic activity of P25 for PCO of SO2 was
attributed to the carbonate/bicarbonate ions deposited on the surface of catalyst.
17

Figure 6 and Table 1 show that the catalyst activity increased dramatically with
increasing the Na2CO3 from 0.005M to 0.2M. The corresponding mechanisms were
investigated and analyzed by characterizing the modified catalysts in the following
sections.

3.3. On the mechanisms of enhanced PCO activity of P25
3.3.1. XRD and UV-Vis results
Figure S2 shows crystalline phases of P25 before and after catalyst modification. The
diffraction peaks of the modified catalysts were in consistent with those of pure P25,
which showed both anatase and rutile phases [44]. There are no observable changes in
the peak positions, numbers, and intensities of the XRD patterns among the modified
samples. This indicates the modification did not affect the crystallographic structure
of P25.

Figure S3 shows the UV-Vis absorbance spectra of P25 modified with different
chemicals. The same absorption edge for different catalysts indicates that the
accumulation of the carbonate salts on the catalyst surface did not affect the band gap of
the P25 catalyst composites. This also indicates that the enhancement of the
photocatalytic activity by Na2CO3 was not caused by the change of irradiation
absorption. However, the absorbance of UV irradiation with the wavelength less than
350 nm decreased slightly because of the deposition of Na2CO3 on the catalyst surface,
which affects the photo-activity adversely. As Figure 5 shows, the photocatalytic
activity of TiO2 increased remarkably with increasing Na2CO3 concentration from
0.005M to 0.2M. This indicates that the improvement in the PCO ability caused by
CO32− outweighed the aforementioned adverse effects. Nevertheless, further increasing
the concentration of Na2CO3 will cause more surface coverage of TiO2. At certain point,
UV irradiation will be blocked and could not reach the TiO2 surface, and the catalyst
lost its photocatalytic activity (see blank test results in Figure 4). The adverse effects of
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the surface coverage dominated the whole process in this scenario. In a word, there
must be an optimum modification concentration of Na2CO3 for the photocatalytic
activity of TiO2, which needs to be determined in the further study.

3.3.2. Formation of oxidative species on the modified P25 surface
The catalyst modification with Na2CO3 resulted in the deposition of CO32− on the TiO2
surface. The redox-couple CO3•−/ CO32− has a potential of 1.59V (vs. NHE) [45],
which is more negative than the valence band of TiO2 as shown in Figure 7. From a
thermodynamics point of view, the redox-couples on the catalyst surface can be
oxidized by the valence band holes if their redox potential is more negative than the
energy level of the top of valence band [46]. As a result, the oxidation of CO32− to
CO3•− by the photo-generated holes could take place through the following two
reactions
CO32‒ + h+ → CO3•−

(6)

HCO3‒ + h+ → CO3•− + H+

(7)

In addition, due to the lower redox potential of CO3•−/ CO32− than that of the
•OH/OH− (1.9 V) or •OH/H2O (2.73 V) [47], a large amount of •OH radicals in
Na2CO3 [18] and NaHCO3 [48] solutions were consumed by CO32− and HCO3−
through the following equations:
CO32− + •OH → CO3•− + OH−

(8)

HCO3− + •OH → CO3•− + H2O

(9)

The increase of the PCO ability of P25 upon the addition of Na2CO3 indicates an
increase in the formation of oxidative species.
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Figure 7 TiO2 band gap and redox potentials (vs. NHE) for different redox-couples
(based on the data in ref.[4, 45, 47, 49])
This hypothesis is confirmed with the low temperature ESR (113K) and spin-trapping
analysis, which examined the role of carbonate in the generation of oxidative species
on illuminated P25 surface. Figure 8 shows the ESR spectra recorded at 113K for
catalysts under UV irradiation. The signals of P25 corresponding to g-values of
gx=2.003, gy=2.014, and gz=2.026 can be assigned to the TiO2 surface oxygen-related
radicals (Ti4+O•−) [50, 51]. They are resulted from the trapping of holes on the
illuminated catalyst surface.
The intensity of the spectrum was dramatically enhanced after the modification of
Na2CO3. The results of UV-Vis analysis indicate that the modification of Na2CO3 did
not change the band gap or the UV absorbance intensity of TiO2 (shown in Figure S3).
Thus the ability of TiO2 under the same UV irradiation to generate electron-hole pairs is
believed to be similar before and after the modification. However, the intensity of the
ESR spectrum increased greatly after the modification. This indicates more
electron-hole pairs were able to separate from each other and move toward the catalyst
surface to be captured. The ESR spectrum intensity became stronger with a higher
concentration of modification reagent. This is in line with the observations in Figure 6,
which shows that the photocatalytic activity increased with increasing the Na2CO3
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concentration.
The new ESR signal of CO3•− was observed for P25 samples modified with Na2CO3.
Those corresponding to the g values of gx =2.007, gy =2.010, and gz =2.018 are in
agreement with literature for CO3•− on the γ-irradiated KHCO3 surface [52] and the
UV-irradiated Na2CO3/TiO2 mixture [51].
The ESR spectra were simulated using the BiomolecularEPRSpectroscopy software
developed by Hagen [53]. The simulated spectra are shown in dash lines in Figure 8.
The spectrum of CO3•− overlapped with the holes trapping spectrum of Ti4+O•−.
According to the simulation results, the contributions of CO3•− signal to the total
intensity were 60% and 67% for 0.1 and 0.2 M Na2CO3 modified samples,
respectively. Therefore, the enhancement of the ESR spectrum after modification was
mainly due to the formation of CO3•−. Consequently, after Na2CO3 modification, the
carbonate and bicarbonate ions accumulated on P25 surface acted as electron donors
and trap photo-generated holes on the valance band. The trapping of holes suppressed
the electron-hole recombination and increased the photocatalytic activity as indicated
by the ESR spectra in Figure 8.

Figure 8. ESR spectra of P25 catalysts modified with Na2CO3 (Dash lines: simulation
spectra. Solid lines: experimental results)
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Figure 9 shows the ESR spin trapping spectra of different TiO2 suspensions with
various concentrations of Na2CO3. Negligible spin-adducts were formed under dark
condition, whereas the formation of spin-adduct [DMPO-OH] (aN=aHβ=1.49mT and
g=2.006) was observed under UV irradiation (Figure 9 (b)). The [DMPO-OH]
intensity increased with increasing Na2CO3 concentration, suggesting that the
production of •OH radicals on the TiO2 surface was possibly promoted by Na2CO3. As
shown in Eqs. (1) to (4), the •OH radicals are important oxidants in the PCO of SO2.
This also explains why the photocatalytic reaction time was prolonged by increasing
Na2CO3 concentration (Figure 6 and Table 1). All this leads to a conclusion that the
increment of •OH may be one of the most important reasons behind the improvement
in the photocatalytic oxidation of SO2.

Figure 9. ESR spectra of TiO2 suspensions at room temperature with 50mM DMPO in
different solutions ((a) in H2O under dark condition, and in (b) H2O, (c) 0.05M, (d)
0.1M, and (e) 0.2M aqueous Na2CO3 under UV irradiation for 1 min).

However, the mechanisms behind the increase of [DMPO-OH] adducts in the
presence of carbonate is not clear. The formation of •OH radicals on the irradiated
TiO2 surface has been investigated both experimentally and theoretically by other
researchers [54]. Two main pathways were proposed and shown in Figure 10 [4, 54]:
one is through the reaction between surface bounded H2O/OH− and valence band
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holes (Figure 10 (a)), and the other is through the photo-reduction of adsorbed O2 by
the conduction band electrons (Figure 10 (b)).
+h+

[Ti O Ti]
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Figure 10. Photocatalytic pathways for the generation of hydroxyl radicals ((a) through
valence band holes, (b) through conduction band electrons).

It is proposed in this study that the addition of Na2CO3 suppressed the electron-hole
recombination and caused the increase of •OH most likely through Figure 10 (b),
which increased the [DMPO-OH] intensity. The low temperature ESR spectra (see
Figure 8) indicated the trapping of the valence band holes by carbonate and
bicarbonate ions. The role of carbonate ions as the hole scavenger to form CO3•− was
also reported by others for aqueous solutions [17]. If Figure 10 (a) had dominated the
production pathway of •OH, the competitive effects would have decreased the
concentration of •OH radicals, but this was not supported by the results in the present
study. In contrast, the intensity of •OH trapping adducts gradually increased with the
addition of Na2CO3 as shown in Figure 9. Similar results were reported by other
researchers using NaHCO3 [55]. The trapping of valance band holes by carbonate and
bicarbonate increased the lifetime of photoinduced electrons by hindering the
electron-hole recombination, which could increase the amount of •OH radicals
through the pathway (b) in Figure 10.

On the other hand, it was reported that CO3•− can be trapped by DMPO and eventually
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form [DMPO-OH] adducts [56, 57], which may affect the detection of the original
•OH radicals. The CO3•− can be formed through the capture of valence band holes
(Reactions 6 and 7) or the consumption of •OH (Reactions 8 and 9). The increase in
[DMPO-OH] intensity with increasing Na2CO3 concentration could be caused by the
reaction between DMPO and CO3•− instead of the increasing of •OH itself. However,
DMPO is more competitive than CO32−/ HCO3− in reacting with •OH. The rate
constant of DMPO trapping with •OH, which is 4.3 ×109 M−1s−1[57], is about 10-fold
and 1000-fold greater than those for Reactions (8) (3 ×108 M−1s−1) and (9) (8.5 ×106
M−1s−1)[58], respectively. As such, the existing •OH would prefer to react with DMPO
instead of consuming by CO32−/ HCO3−. In addition, the improved performance of
P25 would mainly be attributed to CO3•− radicals if CO3•− dominates the increase of
[DMPO-OH] instead of •OH on the irradiated P25-Na2CO3 surface. As seen below,
additional experiments with P25-0.2M-Na2CO3 in the absence of O2 and H2O showed
that the CO3•− alone could not react effectively with SO2.

Figure 11 shows the effects of O2 and H2O on the photocatalytic activity of
P25-0.2M-Na2CO3. SO2 cannot be effectively oxidized without O2 and H2O in the
flue gas, although Na2CO3 can enhance the hole trapping ability of the catalyst by
forming CO3•− (as explained above in Figure 8). Addition of 5 vol% O2 into the flue
gas led to a slight decrease in SO2 penetration rate. With 2.9 vol% H2O in the gas flow,
the SO2 concentration at the outlet decreased to zero and maintained this status for
about 300 min. This is close to the trb (297 min) of P25-0.2M-Na2CO3 (see Figure 5),
where H2O and O2 were added from the beginning. In other words, the enhancement
of the photocatalytic activity of P25 by Na2CO3 can only be achieved with the
presence of H2O.

Even though CO3•− and O2•− can be formed without H2O, the reaction rate was much
lower than that in the presence of H2O. Regardless of the pathway in Figure 10, H2O
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is always needed for the formation of •OH. Carbonate radicals (CO3•− ) was reported
to be much less reactive than •OH when reacting with sulfite; the rate constants for
CO3•− (Eq. (10)) and •OH ((Eq. (11))) are 1×107 and 5.5 ×109 M−1 s−1, respectively
[49]. The formed SO3•− can further produce SO3 through Eq. (12). The rate constant
for the reaction between O2•− and sulfite was reported only 82 M−1s−1, which is much
smaller that of CO3•− and •OH [59]. Since •OH plays a more important role than
CO3•− in the PCO of SO2, the reaction rate of SO2 would decrease if •OH was
consumed by CO32−/HCO3−. Nevertheless, the addition of Na2CO3 improved the PCO
of SO2 as shown in Figure 5. Therefore, the consumption of •OH by CO32−/HCO3−
should have a minor impact on the formation of •OH for the experimental conditions
within this study. It is worth noting that the reaction rate between •OH and sulfite is
about 10 times faster than that between •OH and CO32−, and 1000 times faster than
that between •OH and HCO3−. Consequently, most •OH would react with the
adsorbed SO2 rapidly instead of consuming by CO32−/HCO3−.
SO32− + CO3•− → SO3•− + CO32−

(10)

SO32− + •OH → SO3•− + OH−

(11)

2SO3•− → SO3 + SO32−

(12)

In summary, the addition of H2O caused the production of •OH on the irradiated P25
surface and this process could be promoted by the presence of Na2CO3 through the
scheme described in Figure 10 (b). As a result, the PCO performance of P25
improved.
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Figure 11. Effects of O2 and H2O on the photocatalytic oxidation of SO2 using
P25-0.2M-Na2CO3

3.3.3. The roles of CO32− and HCO3−
When P25 was modified using Na2CO3 solution, both carbonate and bicarbonate ions
exist in solution and could deposit on catalyst surface. The concentration distribution
of CO32− and HCO3− can be determined by using the proton balance equations (PBE)
for the ionization of Na2CO3 in solutions:

[CO32- ] 

[Ct ][OH  ]2
kb1 kb 2  kb1[OH  ]  [OH  ]2

[ HCO3 ] 

kb1[Ct ][OH  ]
kb1 kb 2  kb1[OH  ]  [OH  ]2

(13)

(14)

where kb1=1.79×10-4 and kb2=2.33×10-8 are the primary and secondary hydrolysis
constants, respectively; [Ct] is the total carbon concentration which equals to the
Na2CO3 concentration; [OH−] is the concentration of hydroxyl ions in Na2CO3
solution.

Figure 12 shows the distributions of CO32− and HCO3− in different concentrations of
Na2CO3 solution. They were calculated using Eqs. (13) and (14). As [Na2CO3]
decreased, the share of CO32− in the total carbon species decreased while that of
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HCO3− increased gradually. When [Na2CO3] decreased to 0.05M or lower, the share of
CO32− began to decrease sharply, and more carbon species are presented in the form of
HCO3−. Consequently, for a solution with low concentration of Na2CO3, considerable
amount of carbon in the solution would present as HCO3− and deposited on catalyst
surface after the catalyst modification process.

Figure 12. Distribution of CO32− and HCO3− versus the Na2CO3 concentration

As shown in Figure 5 and Figure 6, the enhancement in the activity of P25 was closely
related to the concentration of Na2CO3. With a Na2CO3 concentration lower than
0.05M, the enhancement of the photocatalytic activity was much smaller than the one
modified with 0.2M Na2CO3. The adsorption ability of the latter was about 2.3 times
greater than the former, while the photo-reaction with SO2 was 6.4 times greater.
Similar results were reported by Sayama et.al. [19] when Na2CO3 was added to liquid
water to improve the water-splitting process with Pt doped TiO2 as catalyst. They
found that only concentrated Na2CO3 solutions was able to dramatically boost the H2
and O2 splitting rates. In this study P25 modified with 0.2M NaHCO3 showed four
times less photocatalytic activity than that with P25-0.2M-Na2CO3 (see Table 1). This
indicates that the accumulated NaHCO3 on catalyst surface had a much less impact on
the catalyst activity than Na2CO3 did. Although both HCO3− and CO32− can act as
27

electron donors to produce CO3•− and promote the production of •OH as discussed
above, the reactivity of HCO3− is much less than that of CO32−[58]. Figure 13 shows
the ESR spectra of spin trap for TiO2 suspensions in Na2CO3 and NaHCO3 solutions.
Even with the same anion concentration, the intensity of [DMPO-OH] in Na2CO3 was
much stronger than that in NaHCO3 solutions. This is consistent with the
experimental results presented in Table 1. The lower efficiency in the PCO of SO2 was
mainly caused by the lower reactivity of HCO3− compared with CO32−.

Figure 13. ESR spectra of TiO2 suspensions at room temperature in different solutions
under UV illumination for 1 min.

3.4. Recycle stability for the Na2CO3 modified P25
As seen in Figure 5 and Table 1, even though the modification can prolong the
photoreaction breakthrough time and improve the SO2 conversion capacity of TiO2, the
modified catalyst still suffers from the deactivation caused by the adsorption of the
PCO products on its surface. To test the stability of catalyst recycling and the
regeneration, the used (deactivated) P25-0.2M-Na2CO3 was regenerated with the same
solution following the same procedure described in section 2.1.

Figure 14 shows the SO2 capacity and the reaction breakthrough time trb for the
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modified TiO2 with different recycle times. It can be seen that after fifth recycle, the
activity of the catalyst could still be improved for SO2 treatment comparing with that of
P25 only. Furthermore, the capacity and the breakthrough time are close to the first
recycle. However, fluctuation exists for different recycle times, which is most likely
caused by the slight difference in the modification procedure during the experiments. In
general, the reactivity of the modified catalyst is stable with the average capacity and trb
being 62.5 mg SO2/g TiO2 and 309 min, respectively. The activity of the deactivated
catalyst can be recovered by washing and drying.

Figure 14. Capacity and reaction breakthrough time of P25-0.2M-Na2CO3 vs. recycle
time.

4.

Conclusions

In this study, the photocatalytic abilities of TiO2 (P25) modified with Na2CO3 of
different concentrations were investigated. The PCO of SO2 with P25 was enhanced by
1.04, 1.64, 4.96 and 10.6 times when P25 was modified with 0.005, 0.05, 0.1 and 0.2M
Na2CO3, respectively. The enhancement was caused by 1) the improvement in the
adsorption ability of P25 due to the reaction between Na2CO3 and SO2, and 2) the
positive effects of Na2CO3 on the photocatalytic activity of TiO2 under UV-irradiation.
The enhancement of the photocatalytic activity of P25 by Na2CO3 was only observed in
the presence of H2O, which emphasizes the important role of H2O in the PCO of SO2.
Low temperature (113K) ESR reveals that Na2CO3 boosted the separation of
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electron-hole pairs by trapping valance band holes to form carbonate radicals (CO3•−).
In addition, the intensity of [DMPO-OH] adducts increased with increasing Na2CO3
concentration because more reactive species were formed on P25 surface. Na2CO3
deposited on the catalyst surface could inhibit the recombination of electron-hole and
promote the generation of hydroxyl radicals (•OH) most likely through the
photo-reduction of adsorbed O2 by the conduction band electrons. The promoted
generation of •OH reacted with SO2 rapidly and improved the PCO ability of P25. As
the concentration of Na2CO3 decreased to less than 0.05M, more carbonate ions
presented in the form of HCO3− and deposited on P25 surface. However, HCO3− was
found to be less active than CO32− on P25 surface, which caused the improvement of
P25 to be minor when modifying at a low Na2CO3 concentration (<0.05M).
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Highlights:

1. Photocatalytic oxidation of SO2 on TiO2 was improved after Na2CO3 modification
2. The improvement was due to the enhanced adsorption and photocatalytic ability
3. The recombination of electron-hole was suppressed by the formation of CO3•−
4. The generation of hydroxyl radicals was promoted because of the deposited
Na2CO3
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