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� UV/Fenton system was developed for effective Hg0 oxidation from simulated flue gas.
� The reaction mechanism of Hg0 with �OH and HO2

� was presented.
� The mechanism of Hg0 secondary volatile by SO2 was studied.
� The roles of flue gas components in Hg0 oxidation by UV/Fenton system were explored.
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In order to implement Hg0 control strategy in a wet scrubber, oxidation of elemental mercury (Hg0) in the
simulated coal-fired flue gas by UV/Fenton system was investigated. Effects of different operation param-
eters have been studied, including initial solution pH, H2O2, TiO2 and Fe2+ concentration, solution temper-
ature, gas flow rate and flue gas components (O2, SO2 and NO). The main ion products in the solution have
been analyzed. The experimental results suggested that oxidation of Hg0 was inhibited with the increase
of initial solution pH and gas flow rate. Additionally, with the increase of the H2O2, TiO2, Fe2+ concentra-
tion and solution temperature, the Hg0 oxidation efficiency was enhanced to the maximum at first and
then decreased. Hg0 oxidation can be significantly inhibited by SO2 and NO when the flue gas was
absence of O2, but the oxidation capacity was recovered with 9% O2 exist in the flue gas. SO2 showed
an inhibition effect on Hg0 oxidation, while the inhibition was weakened at higher SO2 concentration. Dif-
ferent NO concentration had an insignificant effect on Hg0 oxidation process under the experimental con-
ditions. In the case of presence and absence of flue gas components (9% O2, 800 ppm SO2, 600 ppm NO)
and under the optimal conditions (pH = 1, [H2O2] = 0.05 mol/L; [TiO2] = 0.6 g/L; [Fe2+]/[H2O2] = 1/2;
T = 40 �C), the average oxidation efficiency of Hg0 can reach to 94.4% and 98.5%, respectively.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mercury, a trace element exists in the coal and other potential
fossil fuels, can be released into the atmosphere during the com-
bustion of these materials [1]. Due to the characteristics of toxicity,
persistent bioaccumulation, high volatility and nearly insolubility
in water [1–3], mercury has been regarded as a global pollutant
and received a significant attention around the world. Compared
with the mercury emitted from nature sources, anthropogenic dis-
charged has become the main source of mercury emission [4].
While coal-fired power plants have been accounted for about one
third of the anthropogenic emission sources due to the large
quantity of coal used for electricity generation [1,4]. As a result,
the control of mercury emitted from coal-fired power plants has
been seriously concerned. On December 21, 2011 the US Environ-
ment Protection Agency (EPA) has announced the Mercury and Air
Toxics Standards (MATS) to control the mercury, acid gases and
other toxic pollution from coal-fired power plants and the final
rule was effective on April 16, 2012 [5]. Therefore, it has become
an extremely urgent task at present to improve the removal effi-
ciency of mercury from coal-fired flue gas.

Mercury in the coal-derived flue gas is present in three forms,
i.e. elemental mercury (Hg0), oxidized mercury (Hg2+) and parti-
cle-bound mercury (Hgp) [6–8]. Hgp can be captured along with
fly ash particles by electrostatic precipitators (ESPs) or fabric filters
(FFs) [9]. Water-soluble Hg2+ can be readily removed with SO2

from the gas steam by wet flue gas desulfurization (WFGD) equip-
ments and the Hg2+ removal efficiency can reach to 90% [2,8,10].
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Conversely, it is difficult to directly remove Hg0 from flue gas by
these conventional air pollution control devices because of its high
volatility, stability and nearly insolubility in water [3,8]. Thus Hg0

has become the dominant mercury species emitted into the atmo-
sphere [11]. As can be seen from the above presentation, the re-
moval of mercury will be enhanced when Hg0 is converted to its
oxidized form.

To date, lots of technologies have been developed to remove
Hg0 from the flue gas. Heterogeneous catalytic oxidation of mer-
cury using carbon-based catalysts, SCR catalysts and metals or me-
tal oxides have been largely reported in the literature in recent
years [6,9,12]. Photochemical oxidation utilizing ultraviolet and
visible light, which show a promising performance in heteroge-
neous oxidation of Hg0, has also been investigated by researchers
[13,14]. Oxidation of Hg0 by Cl2, Br2, chlorine radicals, O3, K2S2O8,
NaClO2 and KMnO4 has been explored and shown a relatively high
efficiency of mercury oxidation [10,15–20].

The limestone-based wet scrubbing is still to be the most effec-
tive and widely used process for SO2 control in the coal-fired power
plants at home and abroad [21]. The enhancement in oxidation of
Hg0 to more soluble Hg2+, which can be simultaneously captured
with SO2 by the WFGD, has drawn increasing attention in last years
[6,22]. Hydroxyl radicals (�OH), which is a kind of strong oxidant
produced by the advanced oxidation processes (AOPs), can react
non-selectively with many environmental contaminations and
simultaneously remove multiple pollutants from flue gas [23–
25]. As one of the promising AOPs, Fenton reaction has become a
powerful and efficient technique to co-effectively eliminate envi-
ronmental pollutants [26]. Moreover, the non-selective oxidation
of Fenton’s reagent has showed unique advantages and promising
applied prospects in the area of disposal of wastewater and waste
gas [23–25,27,28]. It has been reported that the degradation of pol-
lutants can be obviously improved when ultraviolet light (UV) and
TiO2 is introduced into the Fenton system [29,30]. Until now, using
Fenton’s reagent for mercury oxidation has rarely been reported in
the literature. In this paper, removal of elemental mercury from
the simulated flue gas was studied in a lab-scale bubble reactor
and the effects of different operation parameters on Hg0 oxidation
efficiency have been investigated, including initial solution pH va-
lue, H2O2, TiO2 and Fe2+ concentration, solution temperature, flue
gas flow rate and flue gas components (O2, SO2 and NO). The results
may be able to provide some theoretical reference for the develop-
ment and application of removal of Hg0 and SO2 as well as NO by
wet scrubber with UV/Fenton system.
2. Experimental

2.1. Reagents

All the reagents used in this work were analytical pure grade
(AR), including: ferrous chloride (99.5%, Guangdong, China), hydro-
gen peroxide (30.0%, w/w, Changsha, China), Titanium dioxide
(99.0%, Tianjin, China), sodium hydroxide (96.0%, Tianjin, China)
and hydrogen chloride (36–38%, w/w, Zhuzhou, China). Ultrapure
water was applied to prepare the required solutions.
2.2. Experimental apparatus

Experimental system is shown in Fig. 1. The experimental appa-
ratus consisted of a flue gas simulation system, a mercury genera-
tion system, an absorption bubble reactor, an online gas analysis
system and a waste gas treatment system.

The composition of basic flue gas included, N2 (99.999%), O2

(99.999%), NO (20.0%NO + 80.0%N2) and SO2 (20.4%SO2 +
79.6%N2). Before the reactor, a buffer tank was used to mix the dif-
ferent gas and the total gas flow rate was controlled by the mass
flow controllers (MFC, Beijing Seven-Star Electronics Co., Ltd.,
China). The elemental mercury was generated by a mercury
permeation tube (VICI Metronics Co., USA) which was placed in a
U-shaped glass and heated in a thermostatic water bath.

The body of the photochemical reactor was a bubble column
reactor (height, 200 mm; inside diameter, 80 mm) and two UV
lamps (254 nm, 20 W) were placed at both sides of the reactor. A
thermostatic magnetic stirrer was used for the purpose of homoge-
neous mixing and temperature regulating of the solution.

In order to protect the mercury online analyzer, an ice bath con-
denser following by the reactor was used to remove the moisture
content in the simulated flue gas. The inlet and outlet concentra-
tion of Hg0 was monitored by a RA-915M Mercury Analyzer (Lu-
mex Co., Ltd., Russia) with a detection limit of 2 ng/m3. The gas
from the mercury analyzer was introduced into an activated car-
bon trap before being expelled into the atmosphere.

2.3. Experimental procedure

Firstly, the basic gas was used to make up the simulated flue
gas. The N2 flow was divided into two branches: one branch, as
the balance gas, converged with the O2, NO and SO2 in the buffer
tank, while the other (200 mL/min) passed through the mercury
permeation tube as a carrier gas to introduce a steady Hg0 vapor
into the buffer tank. In this study, the temperature of the mercury
permeation tube was selected as 80 �C and the corresponding Hg0

concentration in the simulated flue gas was about 105 lg/m3.
Then, Fenton solution was freshly prepared with H2O2 solution,

FeCl2�4H2O, TiO2 and ultrapure water according to the required
concentration of H2O2, Fe2+ and TiO2. The volume of solution used
for each experiment was 500 mL. Before the experiments the initial
solution pH value was adjusted through HCl (0.5 mol/L) and NaOH
(0.5 mol/L) and measured by an acidometer (Shanghai leici instru-
ment Co., China).

Furthermore, the experiments were conducted after the in-
let concentration of Hg0 was steady. The gas mixture continu-
ously flowed through the UV/Fenton system and the reaction
time of each experiment was maintained for 2 h in this study.
During the experiments, the concentration of Hg0 in the gas
bypass (A) and the gas primary road (B) was measured before
and after the absorption processes to calculate the oxidation
efficiency of Hg0.

In this study, a sequence of experiments was carried out to eval-
uate the effect of different operational parameters on Hg0 oxida-
tion efficiency in a bubble reactor. The range of experimental
conditions for the experiments is shown in Table 1. The oxidation
efficiency was calculated by the following equation:

gð%Þ ¼ cin � cout

cin
� 100% ð1Þ

where g is the oxidation efficiency of Hg0, Cin and Cout represent the
average Hg0 concentration at the inlet and outlet of the reactor,
respectively.

The experimental error is inevitable. Hence, g is the average of
three replicates and the error bars in the figures represent the stan-
dard deviation from the mean of the series of experiments at each
condition.

3. Results and discussion

3.1. Reaction mechanisms

The mechanisms between Hg0 and Fenton’s reagent are consid-
ered as the following reactions:

(1) Fenton reaction [22,29]:



Fig. 1. Schematic diagram of the experimental system.

Table 1
The experimental parameters and conditions.

Operating
parameters

Range of
operation

Experiment conditions

Initial solution pH
value

1–5 [H2O2] = 0.1 mol/L; [TiO2] = 0.6 g/L; [Fe2+] = 0.05 mol/L; T = 40 �C; Q (Gas flow rate) = 500 mL/min; Cin (Inlet Hg0

concentration) = 105 lg/m3 and balance N2

H2O2 concentration 0–0.4 mol/L The above optimized parameters
TiO2 concentration 0–1.0 g/L The above optimized parameters
[Fe2+]/[H2O2] 0–2 The above optimized parameters
Reaction

temperature
30–70 �C The above optimized parameters

The gas flow rate 200–1200 mL/
min

The above optimized parameters

O2 concentration 0–12% The above optimized parameters + 800ppmSO2 + 600ppmNO
SO2 concentration 0–1000 ppm The above optimized parameters + 9%O2 + 600ppmNO
NO concentration 0–800 ppm The above optimized parameters + 9%O2 + 800ppmSO2
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Fe2þ þH2O2 ! Fe3þ þ OH� þ �OH ð2Þ

Fe3þ þH2O2 ! Fe2þ þHþ þHO
�

2 ð3Þ

When the UV irradiation was introduced, the generation rate of
�OH and HO

�

2 free radicals would be enhanced by the following
reactions [31–33]:

H2O2!
hv

2�OH ð4Þ

Fe3þ þH2O!hv
�OHþ Fe2þ þHþ ð5Þ

TiO2 ����!hvð<380nmÞ
hþ þ e� ð6Þ

hþ þH2O! Hþ þ �OH ð7Þ

e� þH2O2 ! OH� þ �OH ð8Þ

(2) It has been generally accepted that �OH and HO
�

2 are the
main intermediate in Fenton reaction, and the main reactions be-
tween Hg0 and these free radicals could be written as [10,22]:

Hg0 þ 2�OHþ 2Hþ ! Hg2þ þ 2H2O ð9Þ

2Hg0 þ 2HO2
� þ 2Hþ ! Hg2þ

2 þ 2H2O2 ð10Þ

Hg2þ
2 þ 2HO2

� þ 2Hþ ! 2Hg2þ þH2O2 ð11Þ
3.2. Effect of initial pH value

The experiments were carried out at a pH value within the range
of 1–5 and effect of initial solution pH value on Hg0 oxidation effi-
ciency is shown in Table 2. The Hg0 oxidation efficiency decreased
with the increase of initial solution pH value and the average oxida-
tion efficiencies were about 96.57%, 88.05% and 79.08% for the ini-
tial solution pH values of 1, 2 and 3, respectively. However, when
the pH value further increased to 5, the average oxidation efficiency
decreased rapidly to about 45.03%. It was obvious that the initial
solution pH value had a significant impact on Hg0 oxidation and a
suitable solution pH window was found between 1 and 3, which
was in agreement with the findings of Dennis Lu [22].

At a pH value lower than 3, the oxidation of Hg0 can be pro-
moted due to the consumption of H+ by the redox reactions (Eqs.
(2), (9)–(11)). Therefore the decrease of initial solution pH value
was beneficial for Hg0 oxidation. However, the iron in the solution
will be precipitated as hydroxide when the solution pH value is
higher than 3.5 [26], which would reduce the transmission of ultra-
violet radiation, resulting in not taking full advantages of ultravio-
let radiation. Additionally, the oxidation potential of �OH is
decreased with the increase of the solution pH value (E0 = 2.8 V
and E14 = 1.95 V) [34]. As a result, the mercury oxidation efficiency
was decreased with the increase of solution pH value. So the Hg0

oxidation can be promoted considering that the pH value of WFGD
system decreases with the absorption SO2, which was consistent
with the results of Fig. 3.

3.3. Effect of H2O2 concentration

The effect of H2O2 concentration on Hg0 oxidation efficiency
was preliminarily studied and the results are shown in Table 2. It
can be seen that initial concentration of H2O2 played an essential
role in the Fenton process. There was neglected efficiency on Hg0

oxidation in the absence of H2O2. When the H2O2 concentration
rose to 0.02 mol/L and 0.05 mol/L, Hg0 oxidation efficiency jumped
to 75.88% and 97.94%, respectively. But as the H2O2 concentration
further increased from 0.1 to 0.4 mol/L, Hg0 oxidation efficiency
saw a slightly fall from 96.89% to 91.13%.

Increasing of H2O2 concentration within a certain range can
facilitate the yield of �OH and HO

�

2 radicals (Eqs. (2)–(4)), which



Table 2
The effects of experimental parameters on Hg0 oxidation.

The range of pH value 1 2 3 4 5

Average oxidation efficiencies of Hg0 (%) 96.57 88.05 79.08 66.08 45.03

The range of H2O2 concentration (mol/L) 0 0.02 0.05 0.10 0.20 0.30 0.40
Average oxidation efficiencies of Hg0 (%) 6.62 75.88 97.94 96.89 93.22 92.57 91.13

The range of TiO2 concentration (g/L) 0 0.2 0.4 0.6 0.8 1.0
Average oxidation efficiencies of Hg0 (%) 92.94 93.46 95.85 97.51 94.47 88.65

The range of [Fe2+]/[H2O2] ratio 0 1/12 1/8 1/4 1/2 1 2
Average oxidation efficiencies of Hg0 (%) 76.59 89.86 92.58 96.58 98.43 97.64 32.68

The range of solution temperature (�C) 30 40 50 60 70
Average oxidation efficiencies of Hg0 (%) 96.82 98.36 92.11 84.96 70.93

The range of gas flow rate (mL/min) 200 400 600 800 1000 1200
Average oxidation efficiencies of Hg0 (%) 99.14 98.87 97.41 94.21 91.32 89.46
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was finally advantageous to the oxidation of Hg0. However, when
H2O2 concentration exceeded the optimal value, the quantity of
�OH and HO

�

2 free radicals greatly increased in the solution. Then
several side reactions (Eqs. (12)–(17)) would take place and accel-
erate, leading to the great self-loss of �OH and HO

�

2 free radicals
[24,25,35,36]. Consequently there was no positive effect on the
Hg0 oxidation with further increase of the H2O2 concentration. As
a result, the optimal H2O2 concentration in this study was selected
as 0.05 mol/L.

�OHþ �OH! H2O2 ð12Þ

�OHþHO2
� ! H2Oþ O2 ð13Þ

�OHþ O�2 ! OH� þ O2 ð14Þ

HO2
� þHO2

� ! H2O2 þ O2 ð15Þ

Fe2þ þ �OH! Fe3þ þ OH� ð16Þ

Fe3þ þHO2
� ! Fe2þ þHþ þ O2 ð17Þ
3.4. Effect of TiO2 concentration

A series of experiments were performed to investigate the effect
of TiO2 concentration on Hg0 oxidation efficiency. The experimen-
tal results are shown in Table 2. It was observed from Table 2 that
with the increase of TiO2 concentration from 0 to 0.6 g/L, Hg0 oxi-
dation efficiency increased from 92.94% to 97.51%. However, when
the TiO2 concentration further increased from 0.8 to 1.0 g/L, Hg0

oxidation efficiency had a decrease from 94.47% to 88.65%.
This observation can be explained by the availability of active

sites on the TiO2 surface and the penetration of ultraviolet light
into the suspension. The availability of active sites increases with
the rise of TiO2 dosage [33], which excited to produced high-en-
ergy states of electron and hole pairs under the illumination of
UV light (Eq. (6)). The generated hole reacts with electron donors
to produce strong oxidizing �OH (Eq. (7)) then promoted the oxida-
tion of elemental mercury. The H2O2 in the solution accept a
photo-generated electron from the conduction band, which result
in promoting the charge separation and the production of �OH
(Eq. (8)) in the process of photo-catalytic oxidation. Therefore,
the increasing of TiO2 dosage can finally enhance the oxidation of
Hg0. However, with the increase of TiO2 concentration, the UV-
light transmission would be reduced and the light scattering would
be enhanced by the suspended particles [32]. Furthermore, the po-
tential agglomeration of the TiO2 particles in the solution would re-
sult in a loss of surface area available for light-harvesting, which
may lead to the decrease of oxidation efficiency at high TiO2 con-
centration [37]. Thus, any further increase of TiO2 concentration
after the optimal dosage may have an inhibition effect on the mer-
cury oxidation. The optimum amount of TiO2 was added into the
solution in order to avoid unnecessary excess waste and also to en-
sure total absorption of light photons for Hg0 oxidation. In this
study, the optimal TiO2 concentration is selected as 0.6 g/L.

3.5. Effect of Fe2+ concentration

The amount of ferrous ion is one of the main parameters to
influence the Fenton process. Different initial concentration of
Fe2+ at a fixed H2O2 concentration of 0.05 mol/L has been experi-
mented in order to obtain the optimal initial concentration ratio
of [Fe2+]/[H2O2] and the tests were conducted by changing the
[Fe2+]/[H2O2] ratio within the range of 0–2. The experimental re-
sults are shown in Table 2 and it indicated that with the increase
of initial [Fe2+]/[H2O2] ratio from 0 to 1/2 the efficiency of Hg0 oxi-
dation had a sharp increase from 76.59% to 98.43%. Further in-
creased of the [Fe2+]/[H2O2] ratio from 1 to 2, the Hg0 oxidation
efficiency had a significant declination from 97.64% to 32.68%.

It has been known that Fe2+ had a catalytic decomposition effect
on H2O2 to generate �OH and HO

�

2 free radicals (Eqs. (2) and (3)).
Increasing Fe2+ concentration promoted the yield of �OH free radi-
cals in the UV/Fenton system (Eq. (2)), thereby improving the oxi-
dation of Hg0. However, adding excessive Fe2+ can also result in a
great self-consumption of �OH and HO

�

2 free radicals which was
caused by side reactions (Eqs. (16) and (17)) [38], therefore inhib-
iting the oxidation of Hg0. Thus, the optimal ratio of [Fe2+]/[H2O2]
was selected as 1/2 for the oxidation of Hg0 by the UV/Fenton
treatments in this study.

3.6. Effect of solution temperature

The effect of solution temperature on the oxidation of Hg0 has
been studied at temperatures range from 30 to 70 �C. The results
obtained are shown in Table 2. It clearly indicated that the Hg0 oxi-
dation efficiency firstly went up with the increase of the solution
temperature from 30 �C to 40 �C. But it experienced a sharp decline
with the further increase of the solution temperature to 70 �C.

The generation of �OH and HO
�

2 can be promoted by the increase
of reaction temperature [23], which would benefit to the oxidation
of Hg0. However, due to the poor stability of H2O2 at high temper-
ature, the decomposition of H2O2 (Eq. (18)) would be accelerated
by the increase of reaction temperature, which was not favorable
to the formation of �OH and resulted in lower Hg0 oxidation effi-
ciency. Similar results were reported by Samet et al. [26].

2H2O2 ! 2H2Oþ O2 ð18Þ



Fig. 3. Effect of the SO2 concentration on Hg0 oxidation efficiency. Conditions:
pH = 1; [H2O2] = 0.05 mol/L; [Fe2+]/[H2O2] = 1/2; [TiO2] = 0.6 g/L; T = 40 �C;
Q = 500 mL/min; 9% O2; 600 ppm NO; Cin = 105 lg/m3 and balance N2.
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3.7. Effect of gas flow rate

The effect of the gas flow rate on Hg0 oxidation efficiency has
been investigated in the range of 200–1200 mL/min and the results
are shown in Table 2. It can be seen that the gas flow rate had a
slight impact on Hg0 oxidation efficiency. With an increase of the
gas flow rate from 200 to 1200 mL/min, the oxidation efficiency
showed a decline from 99.14% to 89.46%.

At lower gas flow rate, the gas–liquid mass-transfer rate can be
promoted by increasing the gas flow rate, thereby facilitating the
absorption of Hg0. However, the increase of the gas flow rate would
reduce the residence time (reaction time) of Hg0 in the solution. In
addition, the amount of Hg0 entering into the reactor per unit time
greatly increased by increasing the gas flow rate, which can de-
crease the relative molar ratio of �OH and HO

�

2 to Hg0, thereby lead-
ing to the reduction of Hg0 oxidation efficiency. From the analysis
mentioned above, the latter factor might play a leading role in the
reaction process. As a result, the Hg0 oxidation efficiency decreased
with the increase of the gas flow rate.
3.8. Effects of flue gas components

As the main components of the coal-fired flue gas, O2, SO2 and
NO may have a certain influence on Hg0 oxidation process. To ex-
plore the roles of flue gas components in Hg0 oxidation, experi-
ments were conducted under the optimal parameters (pH = 1,
[H2O2] = 0.05 mol/L; [TiO2] = 0.6 g/L; [Fe2+]/[H2O2] = 1/2;
T = 40 �C), by mixing Hg0 with O2, SO2, NO and balance N2. The con-
centrations of O2, SO2 and NO in the simulated flue gas were re-
ferred to the range of which in the real flue gas.
3.8.1. Effect of O2

The effect of O2 on Hg0 oxidation by UV/Fenton system was
examined and the results are given in Fig. 2. It could be seen that
when the O2 concentration rose from 0% to 9%, the averaged Hg0

oxidation efficiency increased sharply from 74.50% to 95.32%. It
indicated that the increase of O2 concentration to a certain value
was favorable to the Hg0 oxidation process. However, when the
O2 concentration continuously increased to 12%, the averaged
Hg0 oxidation efficiency had a sharp decrease to 22.20%. In addi-
tion, it also suggested that, in the absence of O2, the existence of
800 ppm SO2 and 400 ppm NO in the flue gas has a great sup-
pressed on the Hg0 oxidation efficiency when compared with the
results of solution temperature in Table 2.
Fig. 2. Effect of the O2 concentration on Hg0 oxidation efficiency. Conditions:
pH = 1; [H2O2] = 0.05 mol/L; [Fe2+]/[H2O2] = 1/2; [TiO2] = 0.6 g/L; T = 40 �C;
Q = 500 mL/min; 800 ppm SO2; 600 ppm NO; Cin = 105 lg/m3 and balance N2.
It indicated that the introduction of O2 to the UV/Fenton system
was conductive to the mercury oxidation, which was due to the
enhancement of �OH and HO

�

2 generation by the synergies of O3

and H2O2 (Eqs. (19)–(22)) [39].

O2!
hv

O3!
hv

Oþ O2 ð19Þ

OþH2O! H2O2!
hv

2�OH ð20Þ

O3 þH2O!hv
H2O2 þ O2 ð21Þ

O3 þH2O2 ! HO2
� þ �OHþ O2 ð22Þ

However, the oxidation efficiency was suppressed when the con-
centration of O2 exceeded 9%. This was because of the fact that
the generation of O3 growth with the increase of O2 concentration,
resulting in the excess of �OH and HO

�

2 generation, which would
cause side reactions (Eqs. (12)–(13) and (15)) to induce the �OH
and HO

�

2 radical scavenging effect. As a result, the oxidation process
was inhibited by the further increase of O2 concentration. The opti-
mal O2 concentration was chosen as 9% in this study.
3.8.2. Effect of SO2

The influence of SO2 concentration on Hg0 oxidation was inves-
tigated by a series of experiments and the results are shown in
Fig. 3. Under the experimental conditions, the average oxidation
efficiencies of Hg0 were about 95.59%, 83.71%, 86.19%, 92.19%
and 92.87% with the SO2 concentration of 0, 400, 600, 800 and
1000 ppm, respectively. The average Hg0 oxidation efficiency was
inhibited by adding SO2 into the system. However, the inhibited ef-
fect was weakened with the increase of SO2 concentration.

Water-soluble SO2 was very easy to dissolve into the Fenton’s
reagent and some products like SO2�

3 and HSO�3 were generated
by the reaction between SO2 and H2O. These reaction products
and SO2 can further react with H2O2 and �OH�OH, as shown in the
following reactions (Eqs. (23)–(27)) [25,40,41]. These reactions
consumed a great amount of H2O2 and �OH, resulting in the under-
utilization of H2O2 and �OH.

SO2 þH2O2 ! 2Hþ þ SO2�
4 ð23Þ

SO2 þ 2�OH! 2Hþ þ SO2�
4 ð24Þ

HSO�3 þ �OH! �SO�3 þH2O ð25Þ



Fig. 4. Effect of the NO concentration on Hg0 oxidation efficiency. Conditions:
pH = 1; [H2O2] = 0.05 mol/L; [Fe2+]/[H2O2] = 1/2; [TiO2] = 0.6 g/L; T = 40 �C;
Q = 500 mL/min; 800 ppm SO2; 9% O2; Cin = 105 lg/m3 and balance N2.
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HSO�3 þH2O2 ! HSO�4 þH2O ð26Þ

SO2�
3 þH2O2 ! SO2�

4 þH2O ð27Þ

Additionally, large number of HSO3
- and SO2�

3 existing in the
system can react with Hg2+ in the solution, leading to the second-
ary volatile of Hg0 (Eqs. (28)–(30)) [42].

Hg2þ þHSO�3 þH2O! Hg0 " þSO2�
4 þ 3Hþ ð28Þ

Hg2þ þ SO2�
3 $ HgSO3 ð29Þ

HgSO3 þH2O! Hg0 " þSO2�
4 þ 2Hþ ð30Þ

HgSO3 þ SO2�
3 $ HgðSO3Þ2�2 ð31Þ

However, with excess sulfite in the solution, the major mercuric
species was thought to be the more stabled HgðSO3Þ2�2 (Eq. (31))
and the formation of that was promoted at temperatures below
45 �C, resulting in inhibiting the reduction of HgSO3 to Hg0 [43].
In addition, when a large number of HSO�3 and SO2�

3 in the solution
were oxidized to SO2�

4 (Table 3), the reaction between Hg2+ and
SO2�

4 was promoted to generate HgSO4 which was a more stable
mercury species in the solution. Moreover, HgSO4 can be greatly
hydrolyzed to form Hg3O2SO4, a precipitate species of mercury, in
the acidic solution [43]. With the absorption of SO2 the pH value
of the solution decreased to promote the Hg0 oxidation which
was in line with the results of pH value in Table 2. All these can ex-
plain the reason that the inhibited effect was weakened and the oxi-
dation efficiency was improved at higher SO2 concentration.

3.8.3. Effect of NO
The effect of NO concentration in simulated flue gas on Hg0 oxi-

dation was investigated experimentally and the results are shown
in Fig. 4. As shown in the Figure that no significant variation of Hg0

oxidation efficiency was observed with the increase of NO concen-
tration from 0 to 800 ppm and the average Hg0 oxidation efficien-
cies were maintained at about 93.0%.

When NO dissolved into the solution it would compete with
Hg0 for �OH and H2O2 (Eqs. (32)–(36)) during the absorption pro-
cess, leading to the decrease of �OH for Hg0 oxidation [23–25].

NOþ �OH! Hþ þ NO�2 ð32Þ

NO�2 þ �OH! NO�3 þ �H ð33Þ

NOþ �OH! NO2 þ �H ð34Þ

NO�2 þH2O2 ! NO�3 þH2O ð35Þ

NO2 þ �OH! Hþ þ NO�3 ð36Þ

Hg0 þ 4HNO3 ! HgðNO3Þ2 þ 2NO2 þ 2H2O ð37Þ

Nevertheless, it has been postulated that the reaction of NO
with Fenton’s reagent can produce HNO3, which can dissolve Hg0

in the solution (Eq. (37)) [19,44]. In addition, some researchers
have suggested that the Hg0 absorption in aqueous oxidants cata-
lyzed by Hg2+ was greatly enhanced with the presence of HNO3
Table 3
The analysis of ion products.

Ion products SO2�
3 SO2�

4
NO�2 NO�3

IC concentration (mg/L) 0 683.50 0 113.57
Calculation concentration (mg/L) – 771.43 – 121.27
[45]. The favorable and unfavorable factors existed in the Fenton
system might be counteracted with each other and exhibited a rel-
atively stable Hg0 oxidation efficiency.
3.9. Oxidation capacity and product analysis

The outlet concentrations of Hg0, SO2 and NO were tested by the
mercury analyzer and a flue gas analyzer (Kane 950, UK), the anal-
ysis of ion products in the solution were carried out by using ion
chromatography (IC) (Dionex ISC-900, USA) and spectrophotome-
try. The results are shown in Fig. 5 and Table 3.

As shown in Fig.5, the average removal efficiencies of Hg0, SO2

and NO were about 90%, 100% and 40% respectively. The results
of product analysis showed that SO2 and NO in the flue gas were
removed by oxidation reaction and the main ion products in the
solution were SO2�

4 and NO�3 . The absence of SO2�
3 and NO�2 in the

solution may attribute to the instability of SO2�
3 and NO�2 in H2O2

solution (Eqs. (26), (32) and (34)), which is consistent with the re-
search results of Yangxian Liu [24,25].

In order to further verify the reaction pathways of SO2 and NO
in the Fenton system, based on the material balances of SO2 and
NO, the calculated concentrations of SO2�

4 and NO�3 are shown in
Table 3. It has been assumed that the removed SO2 and NO com-
Fig. 5. The oxidation efficiencies of Hg0, SO2 and NO by UV/Fenton system.
Conditions: pH = 1; [H2O2] = 0.05 mol/L; [Fe2+]/[H2O2] = 1/2; [TiO2] = 0.6 g/L;
T = 40 �C; Q = 500 mL/min; 1000 ppm SO2; 600 ppm NO; 9% O2; Cin = 105 lg/m3

and balance N2.



Fig. 6. Effects of different systems on Hg0 oxidation efficiencies. Conditions: pH = 1;
[TiO2] = 0.6 g/L; T = 40 �C; Q = 500 mL/min; Cin = 105 lg/m3.
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pletely converted to SO2�
4 and NO�3 under the experimental condi-

tion. Compared with the actual values, the calculation concentra-
tions are in good agreement with the results of IC.

4. Effect of different systems at optimal parameters

The Hg0 oxidation efficiency as a function of time for UV/Fe2+/
H2O, UV/H2O2 and UV/Fenton systems are shown in Fig. 6. It sug-
gested that just a very small part of Hg0 could be oxidized by
UV/Fe2+/H2O system. For the UV/H2O2 system, about 76% of aver-
age oxidation efficiency was observed. The UV/Fenton system
exhibited the highest oxidation efficiency in the absence of SO2,
NO and O2 in the simulated flue gas. While with 800 ppm SO2,
600 ppm NO and 9% O2 in the flue gas the average Hg0 oxidation
efficiency decreased about 4.3% in the UV/Fenton system.

As a source of �OH and HO
�

2, H2O2 plays a very essential role in the
Fenton system and little �OH and HO

�

2 could be generated in the ab-
sence of H2O2 resulting in low oxidation efficiency of Hg0 in this sys-
tem. Under the UV radiation the H2O2 could be promoted to
decompose to �OH and HO

�

2 which then oxidized the Hg0 in the solu-
tion. The Hg0 oxidation efficiency had a sharp increase by adding
0.025 mol/L Fe2+ into the solution which was due to the catalytic ef-
fect of Fe2+ on the decomposition of H2O2 to generate �OH and HO

�

2.

5. Conclusions

The oxidation of Hg0 by UV/Fenton system was studied in a lab-
scale bubble reactor. The objective of the enhanced oxidation pro-
cess was to convert the insoluble Hg0 of coal-fired utility boiler flue
gas into its soluble oxidized form and then to be co-effective re-
moval with SO2 by the WFGD. From the experimental results the
following conclusions can be drawn:

(1) The Hg0 oxidation efficiency decreased with the increase of
initial solution pH value and flue gas rate, a suitable solution
pH window was found between 1 and 3.

(2) Hg0 oxidation process was firstly promoted by the increased
of H2O2, TiO2 and Fe2+ concentration to a certain value while
decreased with the further increase of these parameters.

(3) The solution temperature had an essential influence on Hg0

oxidation, and the lower Hg0 oxidation efficiency at temper-
atures higher than 40 �C was due to the acceleration of H2O2

decomposition.
(4) The O2 in the flue gas can promote the Hg0 oxidation, but the

oxidation efficiency was inhibited seriously when the O2

concentration was higher than 9%.
(5) SO2 has an inhibition effect on the mercury oxidation pro-
cess, but the inhibition was weakened with the increase of
the SO2 concentration.

(6) NO has no obvious effect on Hg0 oxidation under the exper-
imental conditions.
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