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• An integrated system for cooperative re-
moval of SO2, NO and Hg0 was devel-
oped;

• This system consists of a dual-
absorption system and a vapor oxida-
tion system;

• Na2CO3 and H2O2/Na2S2O8 were used as
the absorbent and oxidant;

• SO4
−• and HO• were proved to control

the removal of Hg0 and NO, respec-
tively;

• Spent Na2CO3 after desulfurization was
a good absorbent for NO2.
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Dual absorption system
How to cost-efficiently and cooperatively remove SO2, NO and Hg0 in flue gas is a hot topic in the field of air pol-
lution control. This work developed an integrated system that consists of a dual-absorption system and a vapor
oxidation system, in which Na2CO3 and H2O2/Na2S2O8 were used as the absorbent and oxidant. The results indi-
cated that the efficiencies of SO2 removal and NO conversion reached 99.5% and 93% respectively. Rising the va-
porization temperature and decreasing the pH of H2O2/Na2S2O8 could facilitate the NO conversion. The spent
Na2CO3 after desulfurization was demonstrated to be a good absorbent for NO2 removal. The best conditions of
pH and temperatures for the dual-absorber were determined as 10/8 and 60/60 °C, respectively. The presence
of 1000mg/m3 SO2 and 300mg/m3NO favored theHg0 removal. TMT-15, an organic sulfur compound,was dem-
onstrated to be useful in retaining Hg2+, with an efficiency of 92%. According to the analyses of electron spin res-
onance (ESR), ion chromatography (IC), atom fluorescence spectrometry (AFS) and X-ray photoelectron
spectroscopy (XPS), SO4

−• and HO•were proved to be the key radicals, and the existing forms of N- and Hg- spe-
cies in the product were identified as NaNO2/NaNO3 and HgCl2.
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1. Introduction

Sulfur dioxide (SO2), nitric oxide (NO), particulate matters (PMs)
and elemental mercury (Hg0) emitted from the coal-fired flue gas seri-
ously threat the people’ health, in which SO2, NO and PMs contributed
to the formation of the chemical smog and haze weather (Li et al., n.
d.), and Hg is a precursor of neurotoxic substance that affects the
human health (Yang et al., 2020; Yang et al., 2019).Mitigating the emis-
sions of SO2, NO andHg0 has been themost concern for the people in re-
cently. The mature post-combustion technology for removal of SO2, NO
and Hg0 is a combined system that consists of wet flue gas desulfuriza-
tion (WFGD), selective catalytic reduction (SCR) and activated carbon
injection (ACI). Although this complicated system can deeply reduce
the air pollutant emission, it still has the shortcomings of large floor
area and expensive in construction and operation, and is unsuitable to
be applied in medium and small boilers as a result of the high cost.
Thus, develop a technology that can simultaneously and cost-
efficiently remove multi-pollutant in flue gas is a hot spot in the field
of air pollution control.

Oxidationmethod is considered to be themost useful method for si-
multaneous removal of SO2, NO andHg0 because the oxidation products
of NO and Hg0 (NO2, N2O5 and Hg0) can be absorbed by alkaline slurry
accompanying with the desulfurization process (Li et al., 2019a; Li
et al., 2019b; Qi et al., 2019). One efficient method is the heterogeneous
catalytic oxidation, the activated components often used include MnO2,
V2O5, TiO2, CuO, CeO2 and ZrO2 (Xiang et al., 2015; Li et al., 2016; Zhao
et al., 2016a; Fan et al., 2012). These catalysts could catalytically reduce
NO to N2 meanwhile oxidize Hg0 to Hg2+, but the cooperative removal
of SO2 was not so good, and the competitions among H2O, NH3 and Hg0

for the activated sites significantly suppressed the deep removal of Hg0

(Li et al., 2016; Zhao et al., 2016a). Another good method is the com-
bined method of gas phase oxidation and post-absorption, the gaseous
oxidants mainly include O3, radicals and ClO2 (Wang et al., 2007; Bai
et al., 2012; Jin et al., 2006). This method has the superiorities of high
utilization of oxidants, rapid reaction rate and inhibiting the competing
effect of SO2. But its main problem is that the energy consumption for
producing O3 and radicals is always high. The wet oxidation method is
also a good method that can efficiently and simultaneously remove
SO2, NO and Hg0, such as urea/KMnO4 (Fang et al., 2013), NaClO/NH3

(Raghunath and Mondal, 2017) and NaClO2/HA-Na (Hao et al., 2017).
Besides, advanced oxidation process (AOP) has been considered to be
the bestwet oxidationmethod (Yuan et al., 2020) since the radicals pos-
sess high oxidation potential and can rapidly oxidize NO and Hg0, the
commonly used AOP methods included UV/H2O2 (Liu et al., 2010),
H2O2/Fe2+ (Guo et al., 2011), VUV/H2O/O2/H2O2 (PS) (Liu et al., 2016),
thermal activating PS (Liu and Wang, 2014), VUV-heat/PS (Liu et al.,
2018a), and UV/NaClO2 (Hao et al., 2019a; Hao et al., 2019b; Hao
et al., 2019c). Although the wet oxidation method is very useful in SO2

removal meanwhile has a large absorption capacity with respect to
NO and Hg0, the utilization rate of the oxidant was always low due to
the relatively serious self-decomposition of the oxidants. In order to
take full use of the advantages of gas phase oxidationmethod and liquid
phase oxidation method, we have developed a vapor oxidation method
that can conduct the homogeneous oxidation of NO andHg0 by utilizing
the vaporized oxidants containing highly reactive radicals (Hao et al.,
2019d; Hao et al., 2020a). We also demonstrated that SO2, NO and Hg0

exhibited a synergistic relation during the simultaneous removal pro-
cess, but we did not develop a good method to effectively absorb their
oxidation products, neither did we establish a good reaction system to
combine the gas phase oxidation and post-absorption. Hence, themoti-
vation of the present work is to develop a novel integrated system that
can combine the gas phase oxidation and the post-absorption to simul-
taneously remove SO2, NO and Hg0.

Dual area control system is a deep desulfurization systemwhich has
been installed in someof power plants in China,we have confirmed that
it can cooperatewith the vapor oxidation system to do a deeply removal
of SO2 and NO (Hao et al., 2019d; Hao et al., 2020b). But the use of ultra-
violet in that work was not so recommended in real application as a re-
sult of the complicated wire system (Cooper et al., 2002a; Cooper et al.,
2002b), as well the cooperative removal of Hg0 have not yet been stud-
ied. Hence, in the current work, wewanted to use an ultraviolet free ox-
idation system and to develop a simplified integrated system to
accomplish the simultaneous removal of SO2, NO and Hg0. Na-salts
(Na2CO3 and NaCl) and vaporized H2O2/Na2S2O8 were used as the ab-
sorbent and oxidant. The specific process is that: a) pre-absorption of
SO2 by Na2CO3 (first absorber); b) vapor oxidation of NO/Hg0 by
H2O2/Na2S2O8 (Zhao et al., 2014); c) post-absorption of NOx and Hg2+

by Na2SO3 and NaCl (second absorber). Na2SO3 used in the post-
absorber is the effluent of pre-absorber. The operational parameters of
the dual-absorber were optimized, the interactive behaviors of SO2,
NO and Hg0 in the presence of coexisting gases were studied, and the
radical chemistry, product composition and reaction mechanisms
were revealed.

2. Experimental

H2O2 (30% w/w) and Na2S2O8 (99% w/w) were used to prepare the
complex oxidant of H2O2/Na2S2O8 (12.5%wt: 0.3%wt) (Zhao et al.,
2014). The absorbents used in the first and second absorbers were
0.8%wt Na2CO3 and the spent Na2CO3 after desulfurization with 24 h
(for distinction, the spent Na2CO3 was wrote as Na2SO3 in the latter part
of the paper). The anhydrous CaCl2 (98% w/w) was used as a dryer be-
fore the flue gas analyzer. The Hg2+ escaped fromNa2SO3was absorbed
by 1.0 mol/L NaCl. The residual Hg0 in the tail gas was completely
absorbed by H2SO4-KMnO4 (10%v/v-4%w/w). The experimental setup
is shown in Fig. 1. NO, SO2, CO2, O2 and N2 gases were provided by the
compressed cylinders (North special gas company, Baoding). Hg0 was
generated from a mercury osmotic tube (150 ng/min at 60 °C, VICI
Metronics Co., USA). A peristaltic pump (BT100-1F, Longerpump, Bao-
ding) was used to pump H2O2/Na2S2O8 into a vaporization device that
was heated by a thermal control electric heater (ZDHW,
Zhongxingweiye company, Beijing) and detected by a thermal couple
(XMTD, Baoding). The inner diameters and heights of the two absorbers
are 70 and 150mm, their temperatureswere controlled by two thermo-
stat water baths, ± 0.1 °C (HH-ZK4, Yuhua instrumental company,
Gongyi). The solution volumes in the two absorbers were both
500 mL. The pH of the two absorbers was detected by two pH meters,
± 0.01, (PHS-3C, E-201-C-Q9 of electrode assembly type, Leici com-
pany, Shanghai). The components in flue gas were detected by a flue
gas analyzer (ECOM-J2KN, RBR Company, Germany). The removal/con-
version efficiencies of SO2, NO and Hg0 were calculated with the follow-
ing formula:

η ¼ Cin−Cout

Cin
� 100% ð1Þ

where η is the SO2/NO/Hg0 removal/conversion efficiencies; Cin and Cout
are the initial and final of SO2/NO/Hg0 concentrations, mg/m3 for SO2/
NO, μg/L for Hg0.

The mercury concentrations in the solutions of Na2SO3, NaCl and
H2SO4-KMnO4were detected by a cold atom fluorescence spectrometry
(AFS-9230, Jitian company, China). An ion chromatography (792 Basic,
Metrohm AG) was used to analyze the reacted solution, in which NO3

−

and NO2
− were completely separated on a Metrosep A Supp 4 Anion

chromatographic column with a mixture of Na2CO3 solution
(1.8 mmol/L) and NaHCO3 solution (1.7 mmol/L) at a flow rate of
1 mL/min, and detected by an electrical conductivity detector, the de-
tection limit was lower than 10 μg/L. X-ray photoelectron spectroscopy
(XPS) of the spent absorbent was carried out on an ESCALAB250 spec-
trometer with Al Kα source (1486.6 eV), the binding energy of Hg 4f
was determined at a 10 kV voltage with a base pressure of 2 × 10−9

Mbar. The XPS characterizations were carried out after drying at N2



Fig. 1. Schematic diagram of the experimental apparatus.
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atmosphere and grinding the removal products. The radical were iden-
tified by using ESR, and 5, 5-dimethyl-1-pyrroline-Noxide (DMPO) was
used as a spin-trapping agent. The detection procedurewas that: the va-
porized oxidants were firstly captured by DMPO and then immediately
transferred into a 200 μL capillary tube, which was then inserted into
the cavity of the ESR spectrometer (Bruker E500, Germany). The
sweep width is 100 Gs, the microwave frequency is 9.857 GHz, the mi-
crowave power is 10.03 mW, the receiver gain is 5.02 × 103, the modu-
lation frequency is 100 KHz, the modulation amplitude is 2.00Gs, the
sweep time is 80.72 s.

3. Results and discussion

3.1. Effect of the characters of H2O2/Na2S2O8 on the removal of SO2 and NO

According to a lot of previous works (Wang et al., 2007; Fang et al.,
2013; Hao et al., 2019a; Hao et al., 2019b; Hao et al., 2019c), the optimal
condition for NO removal was often also suitable for Hg0 removal, thus
we firstly studied the effects of the characters of H2O2/Na2S2O8 and the
dual-absorber on the removal of SO2 and NO. Then the cooperative re-
moval of Hg0 was tested under the determined optimal conditions.

As shown in Fig. 2 (A), in the absence of Na2SO3, when the vaporized
temperature of H2O2/Na2S2O8 increased from 80 to 180 °C, the SO2 re-
moval efficiency increases by 2%, the NO conversion efficiency signifi-
cantly increases by 21% at first (from 80 to 120 °C) and then slightly
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Fig. 2. Effects of the properties of H2O2/Na2S2O8 on the removal of SO2 and NO. (A) vaporiza
vaporization temperature of H2O2/Na2S2O8 is 120 °C, adding rate of H2O2/Na2S2O8 is 200 μL
concentration is 3000 mg/m3, NO concentration is 300 mg/m3.)
decreases by 7% (from 120 to 180 °C). We all know that SO2 removal
was mainly controlled by the absorption process (Hao et al., 2017; Liu
et al., 2010), thereby the variation of the vaporized temperature of
H2O2/Na2S2O8 exhibited a slight effect on SO2 removal. The increase of
theNO conversionwith the temperature risingwas due to that the ther-
mal activation of H2O2/Na2S2O8 produced a number of hydroxyl radicals
(HO•) and sulfate radicals (SO4

−•) which favored the NO removal
(Cooper et al., 2002a; Cooper et al., 2002b; Zhao et al., 2014). The ESR
spectra shown in Fig. 7 demonstrated the formations of HO• and SO4

−•
(Liu et al., 2018b; Zhou et al., 2018) during the heat catalysis of H2O2

and H2O2/Na2S2O8. Under the identical process, the NO2 concentration
also increased with the increasing of the NO conversion, implying that
radical-induced oxidation of NO not only produced NO3

− but also pro-
duced a number of NO2. Then we adopted the spent Na2CO3 (the main
component is Na2SO3) as an absorbent to reduce NO2 emission. When
the Na2SO3 was added in the second absorber, the NO2 concentration
decreased to around 20 mg/m3 at 120–180 °C, meanwhile the NO con-
version efficiency also increased from 72% to 93%. This result indicated
that the co-absorption of NO and NO2 contributed to the NO removal
(Eq. (2)) (Hao et al., 2019d) in addition to the redox reaction between
NO2 and SO3

2− (Eq. (3)) (Takeuchi and Yamanaka, 1978; Chen et al.,
2002).

NO2 þNOþ 2OH−→2NO2
− þH2O ð2Þ
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tion temperature; (B) pH. (Flue gas flow is 2.6 L/min, the pH of H2O2/Na2S2O8 is 3, the
/min, the dual absorber pH are 10/8; the dual absorber temperatures are 60/60 °C; SO2
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2NO2 þ SO3
2− þ 2OH−→2NO2

− þ SO4
2− þH2O ð3Þ

Fig. 2(B) illuminates the effect of the pH of H2O2/Na2S2O8 on the si-
multaneous removal of SO2 and NO. It can be found that the SO2 re-
moval efficiencies are stable at 98–99% under all investigated pH
conditions; while the alkaline conditions such as 8–9 remarkably in-
hibits the NO conversion. As we all know that the alkalization of H2O2

would accelerate the self-decomposition of H2O2 producing O2

(Eqs. (4)–(5)) (Zhao et al., 2016b; He et al., 2014). Hence, rising pH
was harmful for the existence of H2O2. As for S2O8

2−, the acidic condition
was favorable for yielding SO4

−•, HO• and HSO5
− (Eqs. (6)–(8)) (Hao

et al., 2017; Liu et al., 2018b; Chu et al., 2006; Liang et al., 2007; Gu
et al., 2011; Huang et al., 2002), thus the desirable pH condition for
H2O2/Na2S2O8 was acidic in term of NO removal. Another interesting
phenomenon was observed: as the pH increased from 2 to 7, the NO2

concentration decreased from 22 to 13 mg/m3, which indicated that
the weak acidic or neutral condition was preferable for reducing NO2

emission.

H2O2 þ HO2
–→H2Oþ OH– þ O2 ð4Þ

H2O2 þ O2
–→2HO2

− þ 2H2O2→2H2Oþ 2OH− þ 2O2 ð5Þ

S2O
2−
8 →

Heat=H2O2 2SO•�−
4 ð6Þ

SO4˙− þH2O2→HSO5
− þHO˙ ð7Þ

HO˙þ S2O8
2−→SO4˙− þHSO5

−

HSO5
− þHeat→SO4˙− þ HO˙ ð8Þ

3.2. Effect of the characters of dual-absorber on the removal of SO2 and NO

(A): SO2 removal; (B) NO removal; (C) NO2 emission. (Flue gas flow
is 2.6 L/min, the pH of H2O2/Na2S2O8 is 6, the vaporization temperature
of H2O2/Na2S2O8 is 120 °C, adding rate of H2O2/Na2S2O8 is 200 μL/min,
the dual absorber temperatures are 60/60 °C; SO2 concentration is
3000 mg/m3, NO concentration is 300 mg/m3.)

The pH and temperature are the two key factors that affect the over-
all chemical reaction, thus we investigated the effects of the pH and
temperature of the dual-absorber on the removal of SO2 and NO. Fig. 3
(A) displays the co-effect of the dual-absorber pH on the removal of
SO2. In general, SO2 removal efficiencies are kept over 98.9%, the pH of
the first absorber mainly control the SO2 removal process, which sug-
gests that most of SO2 are removed in the first absorber. Fig. 3
(B) describes the dependence of the NO conversion on the dual-
absorber pH. It can be seen that the pH of second absorber controls
Fig. 3. Effect of the pH of the dual-absorber on the
the NO conversion: the rising pH from 7.5 to 8.5 exhibits a remarkable
promotion on the NO conversion. The best pH range for the first ab-
sorber was 9–10.5. When the pH for the first and second absorber are
10 and 8, respectively, the NO conversion efficiency reaches 91.2%. We
also found from Fig. 3 (C) that higher the pH of the second absorber
also decreased theNO2 emission, suggesting that the alkaline conditions
of the second absorber promoted the absorption of NO2 (Eq. (9)) and
the redox reaction between NO2 and SO3

2− (Eq. (10)), and the coopera-
tive absorption of NO and NO2 (Eq. (11)) was also greatly promoted in
this process. Hence, alkalizing the second absorber was beneficial for
the cooperative removal of NO and NO2. The dependence of the NO2

emission on the dual-absorber pH was illuminated in Fig. 3 (C). NO2

emission was mainly controlled by the pH of the second absorber:
when its pH was over 7, the NO2 concentration could be controlled
lower 18 mg/m3 under most conditions. Hence, the increase of NO re-
moval and the reduction of NO2 emission appeared a synergistic rela-
tion, which was a good thing. Given the simultaneous removal
efficiency of SO2 and NO, and the NO2 emission, the best pH conditions
for the first and second absorbers were suitably selected as 10 and 8.

3NO2 þ H2O→2NO3
− þNO gð Þ þ 2Hþ ð9Þ

H2Oþ 2NO2 þ SO3
2−→2NO2

− þ SO4
2− þ 2Hþ ð10Þ

2NO2 þ NOþH2O→3NO2
− þ 2Hþ ð11Þ

Thenwe studied the effects of dual-absorber temperatures on the si-
multaneous removal process. As shown in Fig. 4 (A), the SO2 removal is
mainly controlled by the temperature of the first absorber, and the best
temperatures for the first and the second absorbers are 55 and 50 °C, re-
spectively, which are very close to the operational temperature condi-
tion of the current WFGD system. The dependence of the NO
conversion efficiency on the dual-absorber temperatures is described
in Fig. 4 (B): the desirable temperature range for the dual-absorber is
all from 50 to 65 °C, and the best temperatures are 60 and 60 °C
where theNO conversion efficiency is 91%. Apparently, the best temper-
atures for NO conversion (60/60 °C) are not the same with that for SO2

removal (50/50 °C), implying that an appropriate residual of SO2 in flue
gas was favorable for NO conversion. The reason why the higher tem-
perature was good for the NO removal could be that high temperature
could promote the heat catalysis of S2O8

2− producing SO4
•-, which facili-

tated the NO removal. But the excessive temperature such as 70 °C
would harm the overall removal of NO, because themass transfer resis-
tance from gas-film to liquid-filmwas greatly enlarged. Fig. 4 (C) shows
the effects of dual-absorber temperatures on NO2 emission. The NO2

concentration distribution is similar to the distribution of NO conver-
sion efficiency, suggesting that the more NO2 generated, the more NO2

would be emitted, but the NO2 concentration was kept lower than
14 mg/m3.
SO2 removal, NO removal and NO2 emission.



Fig. 4. Effect of the temperatures of the dual-absorber on the SO2 removal, NO removal and NO2 emission. (A): SO2 removal; (B) NO removal; (C) NO2 emission. (Flue gas flow is 2.6 L/min,
the pH of H2O2/Na2S2O8 is 6, the vaporization temperature of H2O2/Na2S2O8 is 120 °C (if needed), adding rate of H2O2/Na2S2O8 is 200 μL/min, the dual absorber pH are 10/8; SO2

concentration is 3000 mg/m3, NO concentration is 300 mg/m3.)
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3.3. Effect of coexisting gases on the removal of SO2 andNO, and cooperative
removal of Hg0

In real application, flue gas concentration often varies with the coal
type and combustion conditions, thus we need evaluate the impact of
SO2 and NO concentrations on the simultaneous removal process. As
shown in Fig. 5 (A), increasing the SO2 concentration from 1000 to
3000 mg/m3 increases the SO2 removal, the NO conversion and the
NO2 emission. Increasing the SO2 concentration could increase its partial
pressure as well as the mass transfer driving force, resulting in an in-
crease of SO2 removal efficiency. The increase of the NO conversion effi-
ciency suggested that the increase of the SO2 concentration enhanced
the NO oxidation, which possibly due to some new radicals were pro-
duced via the reaction between the primary radicals and SO2. The reac-
tion between HSO5

−/SO4
−• and SO3

2− (Eqs. (12)–(14)) was reported
could produce SO4

−• and SO3
−• (Huite and Neta, 1987). Though the oxi-

dation potential of SO3
−• was lower than that of SO4

−• and HO•, the life
time and selectiveness of SO3

−• were better than HO• (Huite and Neta,
1987), in particular the presence of SO3

2− could expanse the radical spe-
cies, so the NO oxidation process was enhanced. But the excessive SO2

would adversely consumeHSO5
−/SO4

−• (the rate constant of the reaction
betweenHSO5

− and SO3
2−was smaller than that of the reaction between

SO4
−• and SO3

2−), thus the NO oxidationwas slightly inhibited. As for the
effect of NO, increasing the NO concentration slightly promoted the SO2

removal but significantly inhibited the NO conversion, and increased
the NO2 production. The increase of the SO2 removal was due to the
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Fig. 5. Effect of the coexisting gases on the removal of SO2, NO and Hg0. (A): the removal of SO2

involving Hg0 tests, the pH of H2O2/Na2S2O8 is 6, the vaporization temperature of H2O2/Na2S2O
dual absorber temperatures are 60/60 °C; SO2 concentration is 3000 mg/m3, NO concentration
enhanced redox reaction between NO2 and SO2 as a result of the in-
crease of NO2 production; the decrease of the NO conversion was due
to the decrease of the molar ratio of oxidants to NO. CO2 is an acidic
gas that possibly affects the SO2 removal process, thus we should evalu-
ate the effect of CO2. It can be found that the presence of CO2 suppressed
both SO2 removal and NO conversion, which possibly because CO2

quenched the primary radicals to produce the low reactive CO3
−•, de-

creasing the oxidation ability of the reaction system. We also studied
the role of O2 in the simultaneous removal process: adding 2% and 6%
O2 in the flue gas did not significantly affect the removal of SO2 and
NO, thus the contribution of O2 was negligible under such a strong oxi-
dation atmosphere.

SO2 þH2O→SO3
2− þ 2Hþ ð12Þ

HSO5
− þ SO3

2− þHeat→SO4˙− þ SO4
2− þHþ 7:5� 104 M˙sð Þ−1 ð13Þ

SO4˙− þ SO3
2−→SO4

2− þ SO3˙− 5:5� 108 M˙sð Þ−1 ð14Þ

Subsequently, we conducted the cooperative removal of Hg0 under
the determined optimal reaction conditions. As a consequence of the
residence time of flue gas was too low (less than 1 s for the gas velocity
of 1.5 L/min) to conduct a good removal for Hg0, the effect of flue gas res-
idence time on Hg0 oxidation was studied. As Fig. 5 (B) shows, decreas-
ing the gas velocity favors the Hg0 removal, suggesting that the increase
of the reaction time indeed enhances the Hg0 oxidation reaction. Then
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weadopted 0.5 L/min as the gas velocity to carry out the experiments on
cooperative removal of Hg0 under different atmospheric conditions. In
Fig. 5 (B), the numbers on the top of each column are the Hg2+ propor-
tions, which are the sums of the Hg2+ proportions in both Na2SO3 and
NaCl. It can be seen that the Hg2+ proportion is not high for all cases,
and the Hg2+ proportion in Na2SO3 is even far less, which is mainly
due to the reduction of Hg2+ by SO3

2− (Eq. (15)) (Van et al., 2000; Van
et al., 2001). The effects of SO2 and NO on the Hg0 oxidation depend
on their concentrations: the low concentration of SO2 (1000 mg/m3)
and NO (100 and 300 mg/m3) is favorable for the Hg0 oxidation, but
the excessive SO2 (2000–3000mg/m3) andNO(500mg/m3) suppresses
the Hg0 oxidation. The promotions resulting from SO2 and NOwere due
to the generations of SO4•− (Eq. (13)) andNO2;while the inhibitionwas
attributed to the consumption of SO4

−• by SO3
2− and the competition be-

tween NO and Hg0 for limited radicals (Liu andWang, 2014). The pres-
ence ofO2 slightly improved theHg0 oxidation, but it seems that the role
of O2 was inclined to stabilize Hg2+ through retarding the reaction 15
(Omine et al., 2012) rather than the direct oxidation of Hg0, because
the direct oxidation of Hg0 by O2was negligible based on our control ex-
periment.

SO3
2− þHg2þ ¼ HgIISIVO3→Hg0SVIO3→SO4

2− þHg0 ð15Þ

We can find from the above results that the use of NaCl is not so use-
ful in capturing the formed Hg2+, which then causes a remarkable re-
lease of Hg2+, thus we selected a well-known Hg2+ precipitator
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(organic sulfur compound, named trithiol triazine trisodium salt,
shorten as TMT-15, (Tang et al., 2010)) to substitute KMnO4 to enhance
the Hg2+ removal. After the use of TMT-15, the Hg0 removal efficiency
increased to 100%, and Fig. 6 detailly illuminates the performance of
TMT-15 on Hg2+ removal. When the dose of TMT-15 increased from
0.5 to 4.0 (stoichiometric ratio), the proportion of Hg2+ in TMT-15 in-
creased from 38% to 92%. Of note, the reacted TMT-15 that contains
Hg2+ was separated and dried, then burned and analyzed by Lumex
mercury analyzer (RA-915 M). The results demonstrated the vaporized
H2O2/Na2S2O8 combined with TMT-15 is a desirable alternative for Hg0

removal.
3.4. Radical chemistry, product analyses and reaction mechanisms

Fig. 7 display the ESR spectra of Heat/H2O2 and Heat/H2O2-Na2S2O8.
It can be found that andHO• is observed in Fig. 7 (A) due to the presence
of the adduct of DMPO-OH;HO• and SO4

−• also appear in Fig. 7 (B) due to
the adducts of DMPO-OH and DMPO-SO4, which is the same to that ob-
tained by Liu's and Zhou's works (Liu et al., 2018a; Liu et al., 2018b;
Zhou et al., 2018). The results demonstrated that heat catalysis could
also efficiently yield a number of SO4

−• and HO• from H2O2-Na2S2O8

even though without the assistance of ultraviolet, and the yield of HO•
obtained from Heat/H2O2-Na2S2O8 was comparable to that obtained
from Heat/H2O2, suggesting that Na2S2O8 was mainly used to produce
SO4

−•.
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7R. Hao et al. / Science of the Total Environment 710 (2020) 136434
In this method, most of SO2were absorbed by Na2CO3 in the first ab-
sorber to produce Na2SO3, and the N-species including NO andNO2was
mainly retained by the spent Na2CO3 in the second absorber to produce
NaNO2 andNaNO3. The evolutions of NO2

− and NO3
−were ourmost con-

cern, thus we deeply studied the accumulation and transformation of
NO2

− and NO3
− in the second absorber. As shown in Fig. 8 (A), the NO2

−

concentration increases linearly at first 4 h then constant for the rest
of time; the NO3

− concentration is comparable to that of NO2
− in the

first 1 h and then increases slowly. Therefore, the NO2
− production

was more than that of NO3
−, indicating that the co-absorption of NO

and NO2 and the reduction of NO2 by SO3
2− were the leading reaction

paths. The direct generation of NO3
− from NO2 hydration (Eq. (13))

and the further oxidation of NO2
− to NO3

− were not outstanding, which
was because second absorber holds a reduction atmosphere. It could
be also found that the pH variation was also correlated to the produc-
tions of NO2

− and NO3
−, the linear decrease of pH at first 4 h was attrib-

uted to the rapid absorption of NO2. And the difference of the
production rate of NO2

− and NO3
− after 1 h was a result of the reduction

of NO2 by SO3
2−, which was the dominative reaction. Though NO2

− is a
toxic ion, it is easily to be oxidized to NO3

− so long as it contacts the O2

in atmosphere. So we can refer to the forced oxidation method used in
WFGD system to use an oxidation fan to oxidize NO2

− into NO3
− in the

slurry.
Fig. 8 (B) shows themercury distribution in the presence of SO2 and

NO. The total Hg concentration increased as the reaction time increased,
but the increasing rate slowed down with the reaction proceeding. As
92 94 96 98 100 102 104 106 108 110 112
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Fig. 9. Hg 4f XPS spectra of reacted Na2SO3 in
the reaction time increased from 1 to 4 h, the Hg2+ proportion in NaCl
solution increased while the Hg2+ proportion in KMnO4 solution de-
creased; subsequently, as the reaction proceeded, the situation was op-
posite. Hence, the penetration time for NaCl solution was about 4 h. The
Hg2+ proportion in Na2SO3 solution firstly exceeded 0 at 3 h, and then
stable for the rest of the time. The reason why the Hg2+ proportion in
KMnO4 solution reached 75% at 1 h was possibly due to that most of
the produced Hg2+ were reduced to Hg0 by Na2SO3 in the second ab-
sorber. When the Na2SO3 was used up, the reduction of Hg2+ disap-
peared, the Hg2+ begin to accumulate in NaCl solution.

The mercury form presented in the spent Na2SO3 and spent NaCl
were also identified by means of XPS. Fig. 9 (A) shows the Hg 4f spec-
trum of spent Na2SO3: no outstanding peaks appears, suggesting the
content of Hg was too less; but a tiny peak at 96–98 eV is observed,
which can be assigned to Hg0 (NIST XPS database), indicating the reduc-
tion of Hg2+ toHg0 by SO3

2−, and the re-emission ofHg0. Fig. 9 (B) shows
the Hg 4f spectrum of spent NaCl: only a peak appears at 102.8 eV,
which can be ascribed to HgCl2 (Wang et al., 2010), the source of Hg2
+ was from the oxidation of Hg0 by SO4

−• and HO•. Hence, the stable
existing form of Hg2+ in the spent NaCl solution was mainly HgCl2.

3.5. Application prospect

We all know that coal-fired flue gas contains large amounts of waste
heat, the temperature in the outlet of the ESP can reach as high as
120–140 °C (Liu and Wang, 2014), thus the waste heat can be used to
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catalyze H2O2/Na2S2O8 to produce SO4
−• and HO•, which then can be

used to conduct a deep oxidation of NO andHg0. The oxidation products
of NO andHg0, NO2 andHg2+, can then be absorbed by the downstream
WFGD system containing sulfite and TMT-15 precipitator. And the sul-
fite could be produced through a pre-scrubbing process for removing
SO2, prior to the oxidation of NO and Hg0. It also could be concluded
that there was little Hg0 residual in the reacted Na2SO3, implying that
Na2SO4, NaNO2 andNaNO3were themain products. In view of the over-
all technique, the chemicals used in large amounts are Na2CO3 and
H2O2, Na2S2O8 is only an additive. All of them are easily gained and
with low price and eco-friendly, hence, simultaneous removal of SO2,
NO and Hg0 by using this integrated system is a feasible option.
4. Conclusion

This paper proposes an integrated system to simultaneously remove
SO2, NO and Hg0. The results indicated that the vaporized temperature
and the pH of H2O2/Na2S2O8 affected the NO conversion; the reacted
Na2CO3 after desulfurization was demonstrated to be a good absorbent
for NO2 removal. The best conditions with respect to pH and tempera-
tures for Na2CO3 and Na2SO3were determined as 10/8 and 60/60 °C, re-
spectively. An appropriate amount of SO2 and NO in flue gas was good
for the Hg0 removal. TMT-15 was suitably used as a cooperator for
H2O2/Na2S2O8 in term of Hg0 removal. According to the IC, ESR and
XPS analyses, SO4

−• andHO•were proved to be the key radicals that con-
tributed to the oxidation of NO andHg0, and the existing forms of N- and
Hg- species in the product were identified as NaNO2/NaNO3 and HgCl2,
respectively.
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