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ABSTRACT: We used ultraviolet and heat (UV-heat) to costimulate HCl,
HBr, and HI to yield Cl•, Br•, and I• for Hg0 removal. Electron spin
resonance (ESR) confirmed the radical formation. Cl•/Br•/I• were found to
play the leading roles in Hg0 removal, Br2/I2 formed from the heat catalysis
of HBr/HI also played key roles. The costs for removing 80% Hg0 with UV-
heat/HCl, UV-heat/HBr, and UV-heat/HI were calculated to be 0.03, 2.4,
and 36.9 USD/lb-Hg0, respectively. Rising heat catalysis temperature
favored the Hg0 removal. Declining flue gas residence time and adding NO
and SO2 impaired the Hg0 removal by Cl• and Br• but did not include I•.
Kinetics analyses indicated that UV increased the Hg0 removal rate by 15.5
times for HCl, by 1.3 times for HBr, and by 0.2 time for HI. Radical
quenching test with tertiary butanol (TBA) and CO2 indicated that Cl• and
Cl2

•− contributed almost 100% and <5% to Hg0 removal, respectively.
Density functional theory (DFT) calculation gives the reactivity order of
oxidizing species toward Hg0, that is, Cl• > Br• > I• > I2 > Br2 > Cl2. The environmetnal implications were proposed finally.
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1. INTRODUCTION

Mercury is a biotoxicant for creatures and can pose the disease
of nerve system. Reducing mercury emission from waste
incineration, metal smelting, and coal combustion process
receives considerable concern. The form of mercury in flue gas
can be organized in three types: oxidized gaseous mercury
(Hg2+), particulate mercury (Hgp), and elemental gaseous
mercury (Hg0).1 The combination of the air pollution control
devices (APCDs) such as selective catalytic reduction (SCR),
wet flue gas desulfurization (WFGD), and electrostatic
precipitator (ESP) can cooperatively remove approximately
80% of the mercury (mainly Hg2+ and Hgp); thus, the mercury
emission from a coal-fired power plant was greatly reduced.
Now the main source of mercury emission is the nonelectric
industries like metal smelting and waste incineration.2 While
they are incapable of efficiently mitigating mercury emission as
a result of lacking SCR, ESP and activated carbon injection
(ACI) systems are also unable to afford the high treatment
cost. Thus, developing a low-cost and efficient mercury control
method that can treat high concentrations of Hg0 from metal
smelting and waste incineration industries is of great
significance.
As we all know, Hg0 is difficult to remove due to the

characteristics of high volatility and insolubility; thus,
converting Hg0 to Hg2+ or Hgp is considered to be the initial
step for Hg0 removal. Heterogeneous catalytic oxidation,1,3−8

liquid phase oxidation,2,9−12 and gas phase oxidation13−15 have

been widely studied in last three decades. The mechanism of
heterogeneous catalysis oxidation for Hg0 removal is to
accelerate the oxidation rate of Hg0 by decreasing the reaction
active energy of Hg0 that is adhered onto the active sites of the
catalyst surface1 or by generating reactive oxidation species
(ROS)1 such as the adsorbed state oxygen, chlorine, and
hydroxyl ([O]*, [Cl]*, and [OH]*) to catalytically oxidize the
gaseous Hg0. The common catalytic active components include
Mn,1 V,3 Co,4 Ti,3,6,7 CuO,6 CeO2,

3−8 ZrO2,
4 etc. For the

liquid oxidation method, the advanced oxidation process
(AOP) is the representative method,9−12 in which the Hg0

oxidation process is induced by highly reactive free radicals,
such as the hydroxyl radical (HO•),9,10 the sulfate radical
(SO4

•−),2,11,12 and the chlorine-containing radical (Cl•,
ClOH•−, and Cl2

•−).16,17 Gas phase oxidation is a homoge-
neous oxidation method. Halide compounds (such as ICl,13

S2Br2,
14 and BrCl15) and ozone (O3),

18 chlorine dioxide
(ClO2),

19 and other plasma reactive species (O•, N•, HO•,
HO2

•, and O3)
20−22 were used in air pollution control.

Compared with the heterogeneous catalysis oxidation and
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liquid oxidation methods, the gas phase oxidation method has
the following advantages: (1) larger contact reaction area,
resulting in the rapid mass transfer rate and chemical reaction
rate; (2) higher selectivity toward Hg0 due to the lower impact
of SO2/NO on Hg0 oxidation;19,22 (3) higher oxidant
utilization rate because of the low molar ratio of oxidant to
Hg0.13−15 Hence, developing the gas phase oxidation method
for Hg0 removal is more practical.
Among the various gas phase oxidation methods, the radical-

induced oxidation method is regarded as the desirable one. In
previous work,17 we developed an ultraviolet-heat (UV-heat)
synergistic catalysis method to boost the radical yield,
successfully produced two categories of halide radicals,
ClOH•−/BrOH•− and Cl2

•−/Br2
•−, and demonstrated their

great roles in Hg0 removal. But we had not produced the
halogen radicals (X•, it was reported to be more effective in
Hg0 removal) because the reactions between HO• and X−

suppressed the production of X•. Thus, the objective of the
present study is to produce X• via UV-heat cocatalysis of HX
and to further study its behavior, cost-effectiveness, kinetics,
and reaction mechanism in Hg0 removal. The formation of X•

as well as X2 was identified by electron spin resonance (ESR),
radical quenching tests and chemical method. The impacts of
the precursor dose, flue gas residence time, heat catalysis
temperature, the Hg0 concentration, and the presence of SO2,
NO, CO2, and O2 on Hg0 removal were evaluated. Density
functional theory (DFT) calculation was performed to
illuminate the reactivity order of different reactive halogen
species (RHS: X• and X2) toward Hg0. The obtained results
demonstrated the outstanding role of X• in Hg0 removal. The
present study gives some new insights into the radical
chemistry relating Hg0 oxidation and provides a new thought
on the development of new technique for Hg0 removal.

2. EXPERIMENTAL SECTION
2.1. Chemicals. HCl (36.0 wt %), HBr (40.0 wt %), and

HI (57.0 wt %) were used to prepare the oxidation solution. A
1.0 mol/L KCl solution was used to absorb Hg2+ after the UV-
heat catalysis reactor. The complex solution 10%v H2SO4−4
wt % KMnO4 was used to totally remove the unreacted Hg0 in
the tail gas. Tertiary butanol (TBA) was selected as the radical
scavenger to determine the radical contribution to Hg0

oxidation.
2.2. Experimental Apparatus. The experimental flow-

chart is shown in Figure 1. Five cylinders of N2, SO2, NO,
CO2, and O2 were used to form the simulated flue gas, and N2
was used to carry Hg0 vapor. Hg0 was released from a mercury
osmotic tube (three sizes, 100, 180, 1000 ng/min at 60 °C,
VICI Metronics Co., USA). The gas flow ranged from 2.0 to
9.0 L/min. The oxidation solution was pumped into an electro-
thermal catalysis reactor by a peristaltic pump (BT100-1F,
Longerpump Co., China). Then the produced halide vapor
carried by the simulated flue gas went through the UV catalysis
reactor, which is made by quartz and heated by a thermostat
oil bath (HH-ZK4, Yuhua instrumental Co., China). The UV
catalysis reactor is a tandem double-cylinder, the diameter and
height of the inner cylinder are 50 and 120 mm respectively,
the diameter and height of the outer cylinder are 65 and 95
mm, respectively. Two low-pressure mercury lamps (100 mm
length, 10 W, 254 nm, Philips Co., Germany) were put in the
inner cylinders. The oxidation of Hg0 was accomplished in the
UV-heat catalysis reactor. Then the produced Hg2+ was
absorbed by the KCl solution at 0 °C. The unreacted Hg0 in

the tail gas was detected by a mercury detector (RA-915M,
Lumex Co. Russia), and the baseline was calibrated by highly
pure N2. The initial concentration of Hg0 was recorded until
the Hg0 concentration was stable. The flue gas composition
(100−2000 ppm SO2, 100−500 ppm NO, 10% of CO2 and 6%
of O2) was recorded by a flue gas analyzer (ECOM-J2KN,
RBR Co., Germany). The removal efficiency of Hg0 was
calculated via eq 1.

C C
C

100%in out

in
η =

−
×

(1)

where η is the removal efficiency. Cin and Cout are the inlet and
outlet concentrations, and the unit is μg/m3 for Hg0 and mg/
m3 for NO.

2.3. Analytical Method. The produced radicals were
identified by means of electron spin resonance (ESR),
performed on a Bruker spectrometer (E500, Bruker Instru-
ment, Germany), and 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) was used as a spin-trapping agent. The specific test
procedure is available in a previous work.17 We also used
chemical methods to verify the formations of Cl2, Br2, and I2
during the heat catalysis of HCl, HBr, and HI. For Cl2 and Br2,
we used a gas washing bottle containing KI solution to capture
the produced gaseous Cl2 and Br2. As for I2, we used a mixed
solution of carbon tetrachloride (CCl4) and deionized water to
preserve the produced gaseous I2.

2.4. Computational Method. DFT is an effective method
widely used to calculate the ground-state electronic structure of
atoms, molecules, and solid state materials on the basis of the
basic principles of quantum mechanics. To explore the reaction
mechanism of Hg0 oxidation, we performed DFT calculation
using Gaussian 09 software23 and conducted geometry
optimization and transition state location at B2PLYP theory
(double hybrid density functional) with the Def2-tzvp level (all
electron basis sets for the first four row elements)24 based on
the Hohenberg−Kohn theorems, Thomas−Fermi approxima-
tion, and local density approximation, Kohn−Sham equations.
We also calculated the frequency and intrinsic reaction
coordinate (IRC) to further verify the validity of the transition
state structure.

Figure 1. Flow diagram of the experimental apparatus.
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3. RESULTS AND DISCUSSION
3.1. Performance and Cost-Effectiveness of Different

Reaction Systems on Hg0 Removal. Figure 2a illuminates
the reaction behavior of different halide reaction systems on
Hg0 removal. In the absence of UV light, catalysis of 0.5−7.5
ppm HCl removed 2−5% Hg0, while using 0.5 and 1.5 ppm
HBr removed 17% and 58% of Hg0, then as the HBr
concentration further increased to 2.5−7.5 ppm the Hg0

removal efficiency increased to 97−99%. HI achieved better
performance on Hg0 removal: using 0.5 ppm HI removed
87.3% Hg0, and the Hg0 removal efficiency was stable at 100%
as the HI concentration further increased to 7.5 ppm. Figure
S1 reveals the dependence of Hg0 removal on low HI
concentration (0.05−0.5 ppm) and confirms that 0.5 ppm HI
is sufficient to achieve a good removal of Hg0 (>80%). The
obtained results indicated that, under heat catalysis condition,
the effectiveness of the three halides on Hg0 removal was HI >
HBr > HCl. Br and I possess high electron cloud density,13−15

which is easy to adsorb gaseous Hg0, in particular in the
presence of fly ash;14,25 thus, this is the main reason for the
high effectiveness of HBr and HI in Hg0 removal. Cao et al.26

once used 4 ppm HBr, removing 50% Hg0 at the flue gas
residence time of 1.4 s with the assistance of fly ash. By
contrast, the present work used 1.5 ppm HBr to remove 58%
Hg0 under the flue gas residence time of 6.2 s without the help
of fly ash. So the performance of the two reaction systems for
Hg0 removal is comparable. Another key reason was the
generation of Br2 and I2 (eqs 2−3), and Liu et al.27 had used
52 ppm Br2 to remove 50% Hg0 at 15 s of flue gas residence
time.

HI H I2 2→ + (2)

HBr H Br2 2→ + (3)

Compared to heat catalysis alone, a UV-heat cocatalysis
model exhibits a better performance for Hg0 removal,
especially for the use of HCl. After UV illumination, the Hg0

removal efficiency by using HCl increased from 2 to 5% to 77−
80%, indicating that Cl-containing radicals contributing to
approximately 75% Hg0 removal. The increase in the HCl
concentration did not significantly promote the Hg0 removal;
thus, 0.5 ppm HCl was sufficient to conduct a deep removal of
Hg0. For the case of 0.5 and 1.5 ppm HBr, adding UV light

increased the Hg0 removal efficiency by 52% and 30%,
respectively; that is the contribution rate of Br-containing
radical to Hg0 removal. UV light also improved the
performance of HI for Hg0 removal, but the contribution of
an I-containing radical was too small. Hence, the contribution
rate of the halogen radicals toward Hg0 in a descending order
was Cl-containing radicals > Br-containing radicals > I-
containing radicals.
The cost-effectiveness is the most concern in real

application; thus, we initially calculated the cost-effectiveness
for different halide reaction systems. According to the Alibaba
Web site, the median prices of industrial HCl, HBr, and HI are
approximately 21.4 USD/t (36 wt %), 1714.3 USD/t (48 wt
%), and 105714.3 USD/t (57 wt %). The cost-effectiveness
calculation method is depicted in eq 4, and the results are
shown in Figure 2b. The cost is the money needed to remove 1
pound of Hg0;17 this calculation method is created according
to the unit recommended by the US EPA.

W
C P V

C Q
453.6 106

HX HX

Hg0η
=

× · · ·
· · (4)

where W is the cost, USD/lb-Hg0, CHX is the concentration of
HX (g/L), PHX is the price (USD/g), V is the pumping rate of
oxidant solution (L/min), η is the Hg0 removal efficiency (%),
CHg

0 is the Hg0 concentration (μg/Nm3), and Q is the flue gas
flow (Nm3/min). The pumping rate of the CP solution is 120
μL/min, and the flue gas flow is 5.0 L/min.
The cost of Hg0 removal is calculated to be 0.01−0.16 USD/

lb-Hg0 by using HCl, 0.98−10.2 USD/lb-Hg0 by using HBr,
and 96.5−630.1 USD/lb-Hg0 by using HI. Figure S2 displays
the cost of Hg0 removal by using low dosage HI (0.05−0.35
ppm), that is, 9.6−67.2 USD/lb-Hg0. If we want to get a good
removal of Hg0 such as 80%, the costs for using HCl, HBr, and
HI are approximately 0.03, 2.4, and 36.9 USD/lb-Hg0. Hence,
UV-heat/HCl has the best cost-effectiveness. But if we want to
deeply remove Hg0, such as >99%, UV-heat/HCl is not a good
choice, UV-heat/HBr seemed better since 2.5 ppm HBr could
remove 99.8% Hg0 and its corresponding cost is only 3.41
USD/lb-Hg0. By contrast, the cost for the ACI method was
reported to be 3810 to 166000 USD/lb-Hg0.28 The present
method is also more cost-efficient compared to our previous
studies, such as 1180 USD/lb-Hg0 for H2O2 + HCl,17 1170

Figure 2. Reaction behavior (a) and cost-effectiveness (b) of different reaction systems on Hg0 removal. Flue gas residence time is 6.2 s, UV power
intensity is 0.04 W/cm3, the heat catalysis temperature is 393 K, and the initial Hg0 concentration is 200 μg/m3 (0.022 ppm).
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USD/lb-Hg0 for H2O2 + HBr,17 and 3−69 USD/lb-Hg0 for
Na2S2O8 + NaClO2.

29 But it should be also noted that H2O2 +
HCl, H2O2 + HBr, and Na2S2O8 + NaClO2 can simultaneously
remove NO and Hg0, while the UV-heat/HCl is only capable
for Hg0 removal and has a superiority in treating high
concentration Hg0.
3.2. Impact of Flue Gas Residence Time on Hg0

Removal. Flue gas residence time is a key factor that
determines the reaction time and the reactor volume. Longer
flue gas residence time will deepen the chemical reaction but
meanwhile will increase the construction cost, so selecting an
appropriate flue gas residence time is crucial. Figure 3 depicts
the dependence of Hg0 removal on the flue gas residence time.
In the absence of UV light, with the increasing residence time
from 3.9 to 15.6 s, the Hg0 removal efficiency increased from
3.5% to 32.1% with 1.5 ppm HCl, from 25.4% to 55.7% with
1.5 ppm HBr, and from 90.7% to 100% with 1.5 ppm HI. After
the UV light illumination, the Hg0 removal efficiency increased
to 54.5−87.9% with 1.5 ppm HCl, to 68.9−94.4% with 1.5
ppm HBr, and to 96.5−100% with 1.5 ppm HI. It could be
found that the three halogen radicals possessed high reactivity
toward Hg0, and HI exhibited the best adaptability to the
changing in flue gas residence time. Six seconds seems to be a
suitable residence time that can achieve a good removal of Hg0.
As we all know, Hg0 removal is codetermined by the flue gas
residence time and the oxidant concentration; namely, flue gas
residence time has a correlation to the oxidant concentration.
If we wanted to decrease the flue gas residence time but keep a
high removal efficiency of Hg0, we can increase the HX dosage
to an appropriate level to balance the relation between reactor
volume and the operational cost. In a future pilot test, we can
get the operational curve between the flue gas residence time,
the oxidant concentration, and the Hg0 removal efficiency and
find the best cost-performance point.
3.3. Impact of Heat Catalysis Temperature on Hg0

Removal. Heat catalysis temperature is crucial to yield X2;
thus, the impact of heat catalysis temperature on Hg0 removal
was evaluated. As shown in Figure 4, in the absence of UV
light, raising the temperature from 353 to 413 K slightly
increased the Hg0 removal efficiency from 0.5% to 6.5% with
HCl and sharply increased the removal from 12.5% to 75.8%
with HBr and from 35.6% to 100% with HI. Apparently, HBr
and HI were more sensitive to the rising temperature, which
was due to the formation of Br2 and I2. After UV light
illumination, under the identical temperature conditions, the
Hg0 removal efficiency further increased in all cases except for
HI at 393−413 K. The great promotion resulting from the

elevated temperature could be due to the rapid and thorough
vaporization of HX droplets, making the HX molecules evenly
distributed in the gas phase and the high energy level photons
absorbed as much as possible; as a result, the radical yield as
well as the Hg0 removal process was greatly facilitated.

3.4. Impact of Copresence Gases on Hg0 Removal.
NO and SO2 are common components presenting in real flue
gas and play key roles in the Hg0 removal process;30−33 thus,
their effects on Hg0 removal were evaluated. In Figure 5a, in
the absence of UV light, with HCl and HBr as the oxidant,
adding NO slightly enhanced the Hg0 removal, which
demonstrated the promoting role of NO in Hg0 removal. It
was reported that X2 can react with NO to produce X• and
NOX, i.e., Cl2 + NO (eq 5)34,35 and Br2 + NO (eq 6).36

Therefore, the formed X•/NOX is supposed to act as the
promoters in Hg0 removal, and X• definitely played the leading
role in this process. After UV light illumination, an abnormal
phenomenon was observed: the Hg0 removal process was
greatly suppressed with the increasing NO concentration. The
possible reason could be that Cl• and Br• were quenched by
NO (eqs 7 and 8),35−38 resulting in the decrease of X• yield.
With HI as the oxidant, the addition of NO significantly
promoted Hg0 removal regardless of whether UV light was
added or not. According to the NIST database, NOI,
generated from the reaction between I2 and NO (eq 9),
could be the main active species for the Hg0 removal, and the
reactivity of NOI toward Hg0 supposed to be higher than that

Figure 3. Impact of flue gas residence time on Hg0 removal with 1.5 ppm HCl (a), 1.5 ppm HBr (b), and 1.5 ppm HI (c). UV power intensity is
0.04 W/cm3, the heat catalysis temperature is 393 K, and the initial Hg0 concentration is 200 μg/m3 (0.022 ppm).

Figure 4. Impact of heat catalysis temperature on Hg0 removal with
1.5 ppm HCl, 1.5 ppm HBr, and 1.5 ppm HI.
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of I2 and I radicals since the contribution of NOI to Hg0

removal reached as high as 60% in the absence of UV light.
The effect of SO2 on Hg0 removal is illuminated in Figure

5b. In the absence of UV light, Hg0 removal by HCl was not
affected by the presence of SO2, but Hg

0 removal by HBr was
greatly inhibited by the increasing of SO2 concentration. The
inhibiting mechanism was attributed to the reaction between
Br2 and SO2 (eq 10)39 which decreased the Br2 yield. Then as
UV light on, SO2 might act as a radical scavenger to quench
Cl• (eq 11)39 and Br•, causing the remarkable decrease of Hg0

removal. For the case of HI, it is interesting that the presence
of SO2 slightly enhanced the Hg0 removal no matter if the UV
light was on or not, but the promotion decreased with the
increase of the SO2 concentration. Therefore, there must be
some S−I-complex promoter (might not only H2SO4)
generated via the reaction between I2 and SO2 facilitating
the Hg0 removal. And why Br2 + SO2 cannot promote Hg0

removal is not quite understood; this is a research point that
needs further study.

Cl NO NOCl Cl2 + → + •
(5)

Br 2NO NOBr NOBr2 + → + (6)

Cl NO NOCl+ →• (7)

Br NO NOBr+ →• (8)

I 2NO NOI NOI2 + → + (9)

Br SO S Br product2 2+ → − (10)

Cl SO S Cl product2+ → −•
(11)

Figure S3 shows the impact of Hg0 concentration on Hg0

removal. When 1.5 ppm HCl and 1.5 ppm HBr were used as
the oxidant, the increase in Hg0 concentration decreased the
Hg0 removal efficiencies, which was due to the decreasing in
the molar ratio of oxidant to Hg0. For the case of 1.5 ppm HI,
the Hg0 removal efficiency was constant at 100% as the Hg0

concentration increased from 20 to 200 μg/m3, once again
proving the highly effectiveness of HI to Hg0 removal. For
most cases in reality, the Hg0 concentration in flue gas will not

exceed 200 μg/m3; thus, the proposed method can treat high
concentrations of Hg0 and may be adaptive to different
working conditions. Additionally, the impact of CO2 and O2
on Hg0 removal was also evaluated through a transient
response experiment, and the result is available in Figure S4.
The results showed that introducing 6% O2 had no effect on
Hg0 removal, while adding 10% CO2 hindered Hg0 removal
with an inhibiting rate <5%. Thus, this method had a good
adaptation to the copresence of CO2 and O2.

3.5. Kinetics. The kinetics of Hg0 removal for different
halide reaction systems were calculated, which can reveal the
roles of the UV light and different halides in Hg0 removal.
According to Qu’s study,14 the reaction rate for a plug flow
reactor can be written as a simplified model (eq 12); namely,
Hg0 removal efficiency can be described as a function of the
flue gas residence time (t), the apparent reaction rate between
Hg0 and oxidant (k), and the oxidant concentration (C), i.e.,
eq 12.

t
k C

d Hg
d

Hg
0

0[ ]
= · [ ]α

(12)

k C t1 exp( ) 100%η = [ − − · · ] ×α
(13)

where η is the Hg0 removal efficiency, k is the rate constant
between Hg0 and oxidant, C is the concentration of oxidant,
(ppm), and t is the flue gas residence time in reactor (s).
Because the oxidant concentration (1.5 ppm) was far higher
than that of Hg0 (0.022 ppm), the molar ratio is about 68, so
the reaction order with respect to oxidant could be regarded as
zero. The overall reaction could be regarded as the pseudo-
first-order reaction. A linearly fitted model could be obtained
by transforming the eq 13 to eq 14.

ktln(1 )η− = (14)

A linear relation between t and ln(1 − η) was fitted, and the
slope is the reaction rate. The fitting results are shown in
Figures S5, S6, and S7, the reaction rates of Hg0 removal by
heat/HCl, UV-heat/HCl, heat/HBr, UV-heat/HBr, heat/HI,
and UV-heat/HI were calculated to be 0.021 s−1 (R2 = 0.94),
0.467 s−1 (R2 = 0.94), 0.169 s−1 (R2 = 0.94), 0.382 s−1 (R2 =

Figure 5. Impact of the NO (a) and SO2 (b) concentrations on Hg0 removal. The concentrations of HCl, HBr, and HI are 1.5, 1.5, and 0.05 ppm,
respectively. The flue gas residence time is 6.2 s, the UV power intensity is 0.04 W/cm3, the heat catalysis temperature is 393 K, and the initial Hg0

concentration is 200 μg/m3 (0.022 ppm).
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0.94), 1.086 s−1 (R2 = 0.94), and 1.285 s−1 (R2 = 0.94). Figure
6 displays the reaction rates of Hg0 removal under different

halide reaction systems. It can be found that UV significantly
increases the reaction rate of Hg0 removal; the rate constant
increases by 15.5 times for HCl, increases by 1.3 times for HBr,
and increases by 0.2 time for HI. Although UV had little effect
on increasing the rate constant of Hg0 removal by HI, HI still
had the highest rate constant of Hg0 removal with and without
UV light, which could be attributed to the high yield of I2. UV
exhibited a great promotion for heat/HCl removing Hg0,
which once again confirmed the predominant role of Cl• in
Hg0 removal process.
3.6. Reactive Species Identification, DFT Calculation,

and Reaction Mechanism. ESR tests were conducted to
identify the radical types in the heat/HX and UV-heat/HX
systems. As shown in Figure 7a−c, the typical signal of the
DMPO−OH adduct (1:2:2:1) appeared in UV-heat/HX
systems,40 while there is no signal observed in the heat/HX
systems. Thus, UV catalysis was responsible for the radical
formation; heat catalysis is just to instantaneously atomize the
HX droplets up to a certain temperature with a submicrometer
size and to produce X2. The formed DMPO−OH was due to
the reaction between X• (X: Cl, Br, and I) and DMPO,41

rather than the reaction between HO• and DMPO, because
HO• could not be generated in such a reaction system. Figure
S8 shows the ESR spectra of XOH•−/X2

•− that were
demonstrated in our previous work; it can be seen that they

are totally different from the ESR spectra obtained in the
current study, further confirming the formation of X•. ESR test
results also imply the radical yield in the three halide reaction
systems, that is, UV-heat/HI > UV-heat/HBr > UV-heat/HCl,
which was because the bond energy of H−I (299 kJ/mol) is
weaker than that of H−Br (362 kJ/mol) and H−Cl (431 kJ/
mol); thus, the I• yield was the highest under the same UV
intensity. But from the results in Figure 2a, we can find that I•

did not contribute so much to Hg0 oxidation; therefore, the
contribution of I• to Hg0 removal might be less and/or covered
up by HI/I2. By contrast, Cl• and Br• contributed greatly to
Hg0 oxidation (75% and 52%, respectively), indicating that the
reactivity of Cl• and Br• toward Hg0 was high. The
dependence of radical yield on UV input energy was also
illuminated in Figure S9. It can be seen that the radical yield
obtained under 38 mW/cm3 was almost 2 times higher than
that obtained under 19 mW/cm3; thus, the radical yield was
nearly proportional to the UV input energy under such a
reaction system.
In addition to X•, X2

•− might also present in the reaction
system because Cl2

•− can be generated from the reaction
between Cl• and Cl− at the rate of 8.5 × 109 M−1 s−1 under
acidic conditions.42,43 In order to determine the contribution
rates of X• and X2

•− to Hg0 removal, the radical quenching
tests were conducted with Cl2

•−/Cl• as the model radicals
because the reactivity of Cl-containing radicals toward Hg0 is
high enough. It was reported that TBA can scavenge HO•, Cl•,
and ClO•, but not Cl2

•−;44 therefore, we used TBA to quench
Cl• to determine the contribution of Cl• to Hg0 removal. It
could be found from the transient response experiment in
Figure S10 that adding 20 ppm TBA rapidly recovered the Hg0

concentration to its initial level, suggesting that Cl• contributed
almost 100% to Hg0 removal. CO2 is a scavenger for Cl2

•−;44

thus, we used CO2 to determine the contribution of Cl2
•− to

Hg0 removal. As Figure S4 shows, using 10% CO2 decreased
5% of Hg0 removal efficiency, so the contribution of Cl2

•− to
Hg0 removal was no more than 5%. This result is consistent
with that found in ESR spectra: there was no characteristic
spectrum corresponding to Cl2

•− formed, so the concentration
of Cl2

•− must be far lower than that of Cl•, and Cl• definitely
played a leading role in Hg0 oxidation.
We also confirmed the generation of X2 during the heat

catalysis of HX; the results are shown in Figure 8. As shown in
Figure 8a, for HCl, the color of the KI solution did not change
under all investigated conditions, indicating that HCl was not
thermally decomposed as Cl2 under such reaction conditions.
This is why heat/HCl cannot achieve a good removal of Hg0.
The generation path of Cl• is supposed to be the break of the

Figure 6. Rate constants under different conditions. The concen-
trations of HCl, HBr, and HI are 1.5, 1.5, and 0.5 ppm, respectively.
UV power intensity is 0.04 W/cm3;, the heat catalysis temperature is
393 K, and the initial Hg0 concentration is 200 μg/m3 (0.022 ppm).

Figure 7. ESR tests for UV-heat/HCl (1.5 ppm) (a), UV-heat/HBr (1.5 ppm) (b), and UV-heat/HI (0.05 ppm) (c).
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H−Cl bond by UV irradiation, rather than the break of the
Cl−Cl bond. By contrast, in Figure 8b,c, thermal catalysis of
50−500 ppm HBr and 5−50 ppm HI produced a number of
Br2 and I2, and increasing HBr/HI concentrations or raising
the temperature deepened the color of KI and CCl4 solutions,
suggesting that higher HBr/HI concentrations as well as the
catalytic temperature would boost the yields of Br2 and I2,
which well explained why increasing the HBr and HI
concentrations or increasing the reaction temperature greatly
enhanced Hg0 removal in the absence of UV light. We also
found that HI was more easily thermally decomposed
compared to HBr; this could be the key reason why low
dose HI could still realize a deep removal of Hg0.
Then we performed DFT calculations to further reveal the

reactivity order of Cl2, Br2, I2, Cl
•, Br•, and I• toward Hg0

removal. Figure 9 depicts the variation of the relative energy of
Hg0 oxidation along the reaction path. It can be found in
Figure 9a−c that the energy barriers of Hg0 oxidation by using
Cl2, Br2 and I2 are 178.06, 158.28, 151.70 kJ/mol, respectively,
and their reactivity order toward Hg0 is I2 > Br2 > Cl2. In
Figure 9d−f, the reaction heats of Hg0 oxidation by using Cl•,
Br•, and I• are 317.02, 282.47, and 239.38 kJ/mol, respectively,
and their reactivity order toward Hg0 oxidation is Cl• > Br• >
I•. In general, X2 oxidizing Hg

0 needs to overcome the energy
barrier, while X• oxidizing Hg0 is barrierless and spontaneous.
Therefore, halogen radicals possess higher reactivity than
elementary substances; the overall reactivity order is Cl• > Br•

> I• > I2 > Br2 > Cl2. The overall Hg
0 removal mechanism can

be described as follows: (1) for the UV-heat/HCl system, Cl•

played the leading role in Hg0 removal (eq 15), and the
contributions of Cl2 and Cl2

•− to Hg0 removal were negligible;
(2) for the UV-heat/HBr and UV-heat/HI systems, Br2/I2 and
Br•/I• dominated the Hg0 removal process (eqs 16−19) as a
result of the high yields of Br2/I2 under heat catalysis and the
high yields of Br•/I• under UV catalysis. Herein, we also
compared the reactivity of X• and XOH•−/X2

•− toward Hg0

(Text S1): Cl• was superior to ClOH•−/Cl2
•− in Hg0 removal,

while Br• was comparable to BrOH•−/Br2
•− in Hg0 removal.

2Cl Hg HgCl2+ →•
(15)

Figure 8. Determination for the formation of Cl2, Br2, and I2 during
the heat catalysis of HCl (a), HBr (b), and HI (c). The deep blue
color of the solution in (b) is due to the reaction between I2 and
starch, and I2 results from the reaction between Br2 and KI.

Figure 9. Relative energy variation along the reaction path.
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Br Hg HgBr2 2+ → (16)

2Br Hg HgBr2+ →•
(17)

I Hg HgI2 2+ → (18)

2I Hg HgI2+ →•
(19)

3.7. Environmental Implications. Halide is always
considered to be very useful for Hg0 removal in past
researches, various halides including synthetic compounds
have been used, such as Br2,

27 S2Br2,
14 SCl2 and S2Cl2,

25

BrCl,15 and HBr,26 but the reaction behavior of self-existent
halogen radicals in Hg0 removal was seldom reported. The
current work provided a simple path to produce Cl•/Br•/I•

and used them to efficiently remove gaseous Hg0. Cl• proved
very useful in Hg0 removal with an extremely low cost of 0.03
USD/lb-Hg0. Heat catalysis of HBr and HI was also
demonstrated to be useful in Hg0 removal as a result of the
formation of Br2 and I2, but the high cost makes the using of I2
not desirable. As we all know, flue gas usually contains dozens
of ppm of HCl and HBr; thus, in situ use of the already
presenting HCl and HBr can greatly decrease the operational
cost. It was also reported that fly ash can provide a large
adsorption area and a number of active sites to facilitate the
conversion from Hg2+ to Hgp,13−15,25,26 so we can combine the
UV-heat cocatalysis model and dust collection system as an
integrated system to deeply remove Hg0. Due to the
increasingly stringent emission standard for particulate matter
(PM), most industrial boilers and furnaces in developing
countries, e.g., steel, coking, building materials, petrochemical,
nonferrous and glass kiln, etc., have installed fabric filter (FF)
and ESP systems to deeply control PM emission. Given this,
we can upgrade these dust collectors by equipping a UV lamp
array to realize the cooperative removal of Hg0. As described in
Graphic Abstract: (1) Cl•/Br• is used to homogeneously
oxidize Hg0, (2) Hg2+ adheres onto fly ash to form Hgp, and
finally, (3) FF or ESP is used to capture the Hgp, accompanied
by the PM collection. The proposed method may be more
useful to treating the high concentration Hg0 emitted from the
metal smelting industries.
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