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a b s t r a c t

The removal of Hg0 by the homogenous gas-phase reaction and particle-induced reaction was
investigated under various conditions. Iodine monochloride was found to be efficient for Hg0 oxida-
tion, with the apparent 2nd-order rate constant of about 10.5(±0.3) × 10−17 cm3 molecules−1 s−1 and
5.7(±0.3) × 10−17 cm3 molecules−1 s−1 at 273 K and 373 K, respectively. The pilot-scale tests showed that

0

eywords:
oal-fired flue gas
lemental mercury
odine monochloride

the removal of Hg by ICl increased significantly in presence of flyash. It was predicted that over 90%
of Hg0 removal efficiency can be obtained with 0.2 ppmv ICl and 20 g/m3 flyash in flue gas. Though the
reaction between Hg0 and ICl was by far faster than that of Hg0/Cl2, the major product was found to be
HgCl2 rather than HgI2, which implicated that iodine might partly act as the accelerant in Hg0 oxida-
tion by facilitating the formation of certain intermediates. The results indicated that using ICl to oxidize
elemental mercury in coal-fired flue gas can save the consumption of iodine, and it appeared to be a
promising oxidant to enhance the removal of Hg0.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Iodine monochloride (ICl) has been reported to be a typi-
al interhalogen of iodine and chlorine, which can be formed
rom the atmospheric chemical reaction or synthesized artificially.
odine was found at parts per trillion (ppt) levels in the coastal

arine boundary layer (MBL), and it can be further converted to
ther iodine compounds by a series of photochemical reactions
1–3]. Among these iodine compounds, hypoiodous acid (HOI) has
een proposed to enhance chlorine activation and release iodine
onochloride (ICl) which could accelerate ozone depletion [4–6].

he reactions between ozone and halogen species are known to be
esponsible not only for the ozone depletion events, but also for the
epletions of tropospheric mercury [7–9]. Meanwhile, the thermo-
hemistry research of mercury and ICl showed that it is possible for
Cl to oxidize Hg0 to a form which has a much higher deposition rate
10]. Therefore, ICl might play an important role in the atmospheric

ercury transformation and the global cycling of mercury.
In addition, ICl might be a potential oxidant to be used in coal-
red flue gas to enhance the mercury capture. As we have known,
ercury emission from coal-fired power plants has become the
orldwide predominant anthropogenic source, and some effective
ethods are demanded to reduce the emission. There are three

∗ Corresponding author. Tel.: +86 21 54745591; fax: +86 21 54745591.
E-mail address: nqyan@sjtu.edu.cn (N. Yan).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.126
basic forms of mercury in flue gas: particulate-bound mercury, oxi-
dized mercury and elemental mercury [11]. The particulate-bound
mercury and oxidized mercury could be captured by existing air
pollution control devices (APCDs), such as electrostatic precipi-
tator (ESP), fabric filters (FF), and flue gas desulfurization (FGD)
[11–13]. However, it is still difficult to directly remove Hg0 from
flue gas with these APCDs because of its high volatility and insol-
ubility in water [14]. Therefore, the additional methods to convert
Hg0 to its oxidized form in or ahead of APCDs are necessary for
the effective capture of Hg0. According to our previous studies, the
removal efficiency of mercury could be enhanced by using halo-
gens, such as bromine, iodine [15,16], and iodine was found to be
the most efficient oxidant. However, iodine is not the usual compo-
nent of flue gas as chlorine, and it have to be added to coals or flue
gas when employed as the oxidant, which may bring unexpected
pollution problems if too much iodine was used in flue gas. Fur-
thermore, iodine is more expensive than chlorine. Thus, it will be
helpful to find a substitute which could reduce the consumption
of iodine. As mentioned above, Hg0 could be oxidized by ICl, and
it may be a compromising candidate to replace iodine. Neverthe-
less, the exact mechanism and the kinetics of the reaction between
ICl and Hg0, and the role of ICl in the mercury removal from flue

gas and the atmospheric mercury transformation have not been
well understood. According to the above considerations, a series
of experiments were performed to investigate the performance of
ICl on the removal of elemental mercury. The mechanism of the
reaction was also discussed.

dx.doi.org/10.1016/j.jhazmat.2010.06.126
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nqyan@sjtu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.06.126
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. Experimental methods and materials

.1. Materials

The chemicals employed were as follows: mercury (99.99%),
hlorine (99.9%), iodine (99.9%) and iodine monochloride (99%)
rom Sigma–Aldrich Co.; halocarbon wax (HW, Series-1500) from
alocarbon Product Co. NO (10.0%), SO2 (99.9%), CO2 (10.0%),
nd N2 (99.9%) stored in the cylinders were from Dalian Date
as Co. Ltd. Flyash was provided by Wujing coal-fired power
lant. Darco-Hg-LH (task-specific activated carbon) and Darco-
B (all-purpose activated carbon) were from Norit America
ompany.

The loss of ignition (LOI) and BET surface of flyash was about
.6(±0.2)% and 2.0(±0.2) m2/g, respectively. In order to test the
ffect of LOI, flyash was calcined at 1073 K for 3 h and employed
n this research (which was marked as flyash*, and the LOI of fly-
sh* near zero after be calcined). The main components of flyash
ere 12(±2)% CaO, 22(±2)% Al2O3, 8(±1)% Fe2O3, 1.2(±0.5)% Na2O,
hich was analyzed by inductively coupled plasma (ICP) spectrom-

ter (Iris Advantage 1000, Thermo). Ionic chromatography (MIC,
etrohm) was employed to analyze the product from the reaction

etween Hg0 and ICl.

.2. Experimental methods

.2.1. The UV/vis test method
Iodine monochloride (99%) was ordered from Sigma–Aldrich Co.

t can also be produced from the reaction of iodine and chlorine
eadily (Eq. (1)). Though the reaction is reversible, the equilibrium
onstant for the positive reaction is very large, about 2 × 105 at
98 K, which indicates that ICl is a very stable compound at room
emperature.

2 + Cl2
k+�
k−

2ICl (1)

However, there still lacks the necessary information about the
quilibrium constant at higher temperature, which is an important
arameter if ICl is employed in industry. Therefore, we performed
n experiment to test the equilibrium constant at 373 K. The
etail process was as follows: (1) Taking out 5 mL ICl and keep

t in a 50 mL brown bottle. (2) Maintaining the brown bottle
t 298 K. (3) Taking out 5 mL saturation vapor of ICl from the
eadspace of brown bottle one hour later. (4) Injecting the 5 mL

Cl vapor into 250 mL cell which was maintained at 373 K. Then,
he decomposition process of iodine monochloride in the cell
as in situ monitored and recorded by the UV/vis spectrometer

Bwtek, BRC641E, USA) equipped with the optical fiber for UV-
eam transmission, CCD detector (2048 × 14) and recorder in the
ange of 200–800 nm, with 0.4 nm for the resolving wavelength
nd 200 ms for the minimum data acquisition intervals. In order to
dentify the mechanism of the reaction between Hg0 and iodine

onochloride, the reaction process were also recorded by the
V/vis spectrometer. The maximum adsorption of UV for iodine,

odine monochloride and chlorine was around at the wavelength of
30 nm, 467 nm and 330 nm, respectively [17–19]. The concentra-
ion of I2, ICl and Cl2 could be calculated according to the following
ormula:
= εLC (2)

here I is the intensity of the absorption peak; ε is the absorp-
ion coefficient (cm2 molecules−1); L is the optical path length
n the cell (cm); and C is the concentration of I2, ICl or Cl2
molecules cm−3).
aterials 183 (2010) 132–137 133

2.2.2. The gas-phase reaction test method
The reaction kinetics between Hg0 and ICl were investigated

with in situ monitoring the change of the concentration of Hg0 with
the process of reaction by a mercury cold vapor atomic absorp-
tion spectrophotometer (CVAAS), which was similar to the method
used in our previous studies [16,20]. In order to improve the sen-
sitivity of the system, a reference beam was added to minimize
the noise in the monitoring signal. The tests were mainly per-
formed in a stainless steel cylinder with the volume of 1100 mL.
The signal was collected with a data transition and acquisition
device (N2000, Zhejiang Zhida) and recorded by a computer,
and the minimum data acquisition interval was 20 ms [20]. The
Hg0 concentration employed in this paper was about 160 ppbv
(1 ppbv = 10−9 by volume). The wall of reactor was coated with
halocarbon wax (HW) to minimize Hg0 adsorption and the surface-
induced reaction by the wall. The contribution of surface-induced
reaction to Hg0 oxidation was evaluated [20]. The Hg0 adsorbed
on the reactor wall was reduced remarkably after it was coated
with HW.

2.2.3. The pilot-scale tests
A pilot-scale setup was built to test the performance of ICl on

Hg0 capture from the simulated flue gas. As shown in Fig. 1, an elec-
tric heater was used to provide 150–200 m3/h hot gas. Meanwhile,
SO2 (1000 ppmv), NO (100 ppmv), water vapor (5%) and CO2 (5%)
were injected into the reactor with the hot gas as the simulated
flue gas. The slipstream reactor was a stainless steel cylinder with
the inner diameter of 0.1 m and valid length of 5.0 m. 10–40 g/m3

flyash was injected into the simulated flue gas by a controllable
screwing thruster, which could adjust the concentration of flyash
or other sorbents (e.g. activated carbon) in flue gas. The average
temperature of the flue gas was from 353 K to 393 K, and the gas
residence time was about 0.9 s. The initial concentration of Hg0 in
inlet gas of the reactor was maintained at about 20–40 �g/m3. The
concentration of Hg0 in flue gas could be detected by Lumex mer-
cury analyzer (Lumex RA915, Russia). The flue gas was sampled
from the reactor and passed through a vessel containing saturated
NaOH solution and a buffer vessel before detection. The saturated
NaOH solution was used to minimize the effect of oxidant gas and
flyash on Hg0 detection. The Hg0 removal efficiency based on the
data detected from the 2# outlet sampling point was 10–15% higher
than that from the 1# outlet sampling point. It means Hg0 could be
constantly removed in cyclone because 2# outlet sampling point
was in the downstream of cyclone. In order to minimize the effect
of cyclone, 1# outlet was employed as outlet sampling point in this
research.

The measurement errors of Hg0 were ±2 ppbv and ±0.05 ppbv
for in situ CVAAS and Lumex analyzer, respectively. The accuracy
of the data reported here was estimated to be within 10% for the
tests.

3. Results and discussion

3.1. Gas-phase oxidation of Hg0 by ICl

Because ICl will decompose at high temperature, Cl2 and I2, the
decomposition products of ICl, may affect the reaction of Hg0 and
ICl. In order to estimate the exact rate constant of the reaction
between Hg0 and ICl, the contribution of I2 and Cl2 to the oxidation
of Hg0 should be deducted by Eq. (3):

d[Hg0]

dt

= −{kICl[ICl]) + kI2 [I2] + kCl2 [Cl2]} · [Hg0] (3)

where kICl, kI2 and kCl2 are the reaction rate constant of Hg0/ICl,
Hg0/I2 and Hg0/Cl2, respectively. In order to acquire the con-
centrations of I2 and Cl2 which were produced because of the
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for the removal of Hg0 by ICl and particulates.
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Fig. 1. The schematic of pilot-scale setup

ecomposition of ICl, the decomposition process of ICl at 373 K was
nvestigated in this paper. According to the experiment data at the
eginning time of 3 min, the apparent decomposition rate constant
as evaluated to be around 3.5 × 10−20 cm3 molecules−1 s−1. It is

ery slow compared with the reaction rate of Hg0 and ICl. There-
ore, the decomposition of ICl could be ignored. Accordingly, Eq. (3)
ould be simplified to Eq. (4):

d[Hg0]
dt

= −kICl[ICl] · [Hg0] (4)

The removal efficiencies of Hg0 in the presence of ICl, Cl2 and
2 at various concentrations were investigated, and the results

ere illustrated in Fig. 2. Since the concentration of Cl2, I2 or ICl
as much higher than that of Hg0 in the gas phase, they could

e considered as a constant during the reaction. The 2nd rate
onstant of Hg0/ICl, kICl, can be calculated by Eq. (4), and it was
.7(±0.3) × 10−17 cm3 molecules−1 s−1 at 373 K. Apparently, I2 was
he most efficient oxidant in the Hg0 oxidation, followed by ICl, and
l2 was the last one among the three oxidants. However, the appar-

nt 2nd-order rate constant of Hg0 oxidation increased about 20%
ith ICl comparing to the sum of that with iodine and chlorine sep-

rately. To get the same removal efficiency of Hg0, the used amount
f iodine atom could be saved 20% if I2 was substituted by ICl as the
xidant.

Fig. 2. The concentration depletion curves of Hg0 by the oxidation of Cl2, ICl and
I2. The initial concentration of Hg0, [Hg0]0, was about 160 ppbv, and the tests were
conducted at 373 K and 760 Torrs with nitrogen balance.
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3.4. Pilot-scale tests of ICl
ig. 3. The temperature dependence of Hg0 oxidation efficiencies and the 2nd rate
onstants with ICl. The initial concentration of Hg0, [Hg0]0, was about 160 ppbv, and
he reaction time was 5 s at 760 Torrs with nitrogen balance.

.2. The temperature effect of Hg0 oxidation by iodine
onochloride

In order to investigate the effect of temperature on the Hg0

emoval, a series of experiments were conducted under dif-
erent temperatures from 273 K to 393 K. As can be seen in
ig. 3, the removal efficiency of Hg0 dropped from 13% to
% as the temperature increased from 273 K to 393 K with
.0 ppmv of ICl concentration at 5 s. Meanwhile, the 2nd-order
ate constant between Hg0 and ICl was estimated to be around
.4(±0.3) × 10−17 cm3 molecules−1 s−1 at 393 K. It was only about
1% of that at 273 K. Although increasing temperature decreased
he Hg0 oxidation rate and the rate constant, the decreasing ten-
ency slowed down remarkably when the reaction temperature
eyond 373 K. Therefore, Hg0 could be removed effectively in pres-
nce of ICl even under higher temperature in flue gas. According to
he reaction rate constant, it could be estimated that the half life of
g0 which means the time required for the concentration of Hg0

o fall to one-half of its initial value, will be less than 50 hours with
ppbv ICl at 273 K. While, the atmospheric life time of Hg0 was
elieved to be in the range of six months to one year [21]. There-
ore, the deposition rate of atmospheric mercury will be improved
reatly in the presence of ICl.

.3. Product analysis and the discussion on the reaction
echanism

In order to probe on the mechanism of the reaction between
g0 and iodine monochloride, the reaction was also recorded by

he UV/vis spectrometer, and the results were shown in Fig. 4. As
hown in Fig. 4, the absorption peak of 530 nm (I2) increased with
he decrease of the absorption peak of ICl. This result suggested that
he iodine was formed with the reaction between Hg0 and ICl. Ion
hromatography analysis was employed to analyze the oxidized
ercury products which were dissolved into the ultrapure water.

ince the ratio of iodine and chlorine in the gas was 1:1 and iodine
as found more reactive than chlorine (two magnitudes) to oxi-
ize Hg0, iodide ion (I−) was supposed to be the main anion in the
roducts. However, it was unexpectedly observed that chloride ion
Cl−) was the dominant anion in the products, and the iodide ion

as less than 10% among the total anions.

Based on the above results, the possible reaction paths for Hg0

emoval can be speculated as follows. Both Hg0 and ICl can attract
ach other, resulting in the formation of Hg–ICl* which maybe an
Fig. 4. (a) and (b) were the spectra evolution of ICl during the reaction between
the mercury and ICl and the spectra after peak separation, respectively. The con-
centration of Hg0 and ICl was 300 ppmv and 1000 ppmv, respectively. Cl2: 330 nm;
ICl:467 nm; I2: 530 nm; temperature: 373 K.

intermediate complex (Eq. (5)). Then, Hg–ICl* will react with ICl
to form stable product, HgCl2 or HgI2. Eqs. (5)–(8) are some of the
possible reactions during Hg0 conversion.

Hg0 + ICl ↔ Hg–ICl∗ (intermediate complex) (5)

Hg–ICl∗ + ICl → HgCl2 + I2 (6)

Hg–ICl∗ + ICl → HgI2 + Cl2 (7)

HgI2 + Cl2 → HgCl2 + I2 (8)

Because Hg–ICl* is not a stable product, the London dispersion
between Hg and ICl become stronger with the increase of tem-
perature. That makes Hg–ICl* become more instable, and it will
affect the progress of next reactions. Accordingly, the Hg0 oxida-
tion rate decreased with the increase of temperature. Meanwhile,
the intermediate complex could react with ICl continuously to form
HgCl2 and I2. That might be the reason why I2 increased during the
reaction which could be observed from Fig. 4.
The performance of ICl was tested in pilot-scale reactor. As
shown in Fig. 5, the Hg0 removal efficiency was only about 5%
when 0.2 ppmv ICl or 20 g/m3 flyash was injected into the flue gas,
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ig. 5. Hg0 removal efficiencies under various cases at 393 K. The concentration o
njected into the flue gas blended with 20 g/m3 flyash. Flyash* was the flyash calcin

espectively. That means it was not effective enough for the mer-
ury capture by the merely gas-phase reaction of Hg0 and ICl or just
y the adsorption of flyash. However, 53% Hg0 could be removed in
resence of 0.2 ppmv ICl and 20 g/m3 flyash in the hot gas. Mean-
hile, the Hg0 removal efficiency dropped to 43% when 0.2 ppmv

Cl was substituted by 0.1 ppmv I2.
As we know that ACI (activated carbon injection) technique

as widely tested in the mercury removal from coal-fired power
lants and a series of activated carbons were studied. Among these
ctivated carbons, Darco-Hg-LH was reported to have a good per-
ormance in mercury removal [22]. Therefore, Darco-Hg-LH was
ested as a reference in this study. The removal efficiency of Hg0

as only about 34% when 2 lb/MMacf (32 mg/m3) Darco-Hg-LH
as injected into the slipstream reactor. Obviously, ICl cooperated
ith flyash showed more efficiency than commercial activated car-
on, Darco-Hg-LH. From Fig. 5, it can be seen that flyash* (without
OI) did not show good performance on Hg0 removal even in pres-
nce of ICl, which meant that LOI played an important role in Hg0

emoval. Thus, this research tried to enhance the Hg0 removal by
ncreasing the LOI of flyash, adding extra activated carbon into the

ig. 6. The relationship of Hg0 removal efficiency and ICl or flyash concentration at 393 K.
hanged from 0 ppmv to 0.4 ppmv. The concentration of ICl was maintained at 0.2 ppmv w
as hot gas without NO or SO2.
2 and flyash was 0.2 ppmv, 0.1 ppmv and 20 g/m3. Darco-KB or Darco-Hg-LH was
073 K for 3 h to get rid of LOI.

flyash. The result showed that the Hg0 removal efficiency increased
remarkably to 88% when 2 lb/MMacf Darco-KB was injected into the
reactor with 0.2 ppmv ICl and 20 g/m3 flyash. It can also be observed
from Fig. 5, Hg0 removal efficiency in the simulated flue gas was
slightly lower than that in the clean hot air.

The influences of the concentration of ICl and flyash were
also studied. As shown in Fig. 6 the removal efficiency of Hg0

increased significantly with the increase of concentration of ICl or
flyash. When the concentration of flyash increased from 10 g/m3

to 40 g/m3, the mercury efficiency increased from 31% to 74%.
Likewise, the mercury removal efficiency increased from 33% to
78% when ICl concentration increased from 0.1 ppmv to 0.4 ppmv.
Therefore, increasing the flyash or ICl concentration in flue gas was
helpful for the Hg0 removal.

According to the above results and the prediction model

introduced previously [23], the Hg0 removal efficiency could be
estimated. Taking the case of 0.2 ppmv ICl, 20 g/m3 of flyash and
500 ppmv SO2 in the flue gas as the example, it was predicted that
the Hg0 removal efficiency was about 94% when the reaction time
was 4 s.

The concentration of flyash was kept at 20 g/m3 when the concentration of ICl was
hen the concentration of flyash was changed from 0 g/m3 to 40 g/m3. The flue gas
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. Conclusion

The removal of Hg0 by the homogenous gas-phase reac-
ion was investigated under various conditions. Iodine

onochloride was found to be a very efficient oxidant
or Hg0 oxidation, having a 2nd-order reaction rate con-
tant of about 10.5(±0.3) × 10−17 cm3 molecules−1 s−1 and
.7(±0.3) × 10−17 cm3 molecules−1 s−1 at 273 K and 373 K, respec-
ively. In addition, it could be estimated that the half life of Hg0

ill be less than 50 hours with 1 ppbv of ICl at 273 K. The predicted
g0 removal efficiency was about 94% with the pilot-scale tested

esult when 0.2 ppmv ICl was injected into the flue gas with
0 g/m3 flyash. It will save the use amount of iodine remarkably
o get the same mercury removal efficiency when ICl was used
s the substitute oxidant of iodine. The results suggested that the
otential of iodine monochloride to oxidize elemental mercury in
oal-fired flue gases was clearly promising for further study on a
arger scale.
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