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Removal of Hg" using two homogeneous Photo-Fenton-Like reactions was first investigated in a photochemical reactor.
Effects of process parameters on Hg” removal were studied. Free radical and reaction products were analyzed. Removal
pathways of Hg’ were discussed. Simultaneous removal of Hg’, NO, and SO- is also studied briefly. The results show
that UV power, wavelength, H>O> concentration, and solution pH have great effects on Hg" removal. Hg’, and SO, con-
centrations, solution temperature, Fét, ™, CO?f, and HCO; concentrations also have significant effects on Hgo
removal. However, concentrations of CO,, NO, O,, Cl", NO;, SOﬁ_, Si0,, ALO3, and Fe;O3 only have slight effects
on Hg’ removal. Hg"INOISO, can be simultaneously removed by Photo-Fenton-Like reactions. -OH was captured, and
SOff/NO;/HgZ+ were also detected. Removals of Hgo by photochemical oxidation and -OH oxidation play a major
role, and removal of Hg’ by H,0, oxidation only plays a secondary role in removal of Hg’. © 2015 American Institute

of Chemical Engineers AIChE J, 61: 1322-1333, 2015
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Introduction

Mercury has great harm for human health and environment
because of its persistence, bioaccumulation, and neurological
toxicity."* Coal combustion is considered as the largest
source of anthropogenic mercury emission.'” Mercury in
coal-fired flue gas often can be divided into three types: ele-
mental mercury (Hgo), divalent mercury (Hg2+), and particu-
late mercury (HgP).>* Both Hg>* and HgP can be effectively
captured by traditional dedusting systems and wet flue gas
desulfurization systems. However, due to the low solubility
in water and the high volatility at room temperature, Hg" is
very difficult to remove by traditional desulfurization and
dedusting systems.S’4 Once Hgo enters the atmosphere, it will
result in the global mercury pollution through atmospheric
transportation.' Therefore, studying and developing effec-
tive Hg” removal technologies has become one of the hot
topics in the field of flue gas purification.

Related studies show that wet scrubbing and adsorption
are the most promising mercury removal technologies.‘%’4
Both Hg2+ and Hg0 can be adsorbed by activated carbon or
other adsorbents, and then are converted to particulate mer-
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cury, which can be captured by traditional dedusting equip-
ments.>° Unfortunately, however, activated carbon has
excellent adsorption performance for Hg, but the very high
cost hinders its large-scale application.s’6 Some other new
adsorbents have shown potential prospects, but because of
the deficiencies in high costs and adsorbent’s stability and
reliability, they are still unable to obtain commercial applica-
tions.”® Using wet oxidation technologies such as KMnOy,
K,S,0g4, NaClO,, H,O,, Fenton, UV/HzOz‘%”, and dry oxi-
dation technologies such as plasma oxidation, ozonation,
photocatalytic oxidation, and photochemical oxidation"'*""7
can effectively remove Hg" from flue gas. However, so far,
some problems such as secondary pollution of reaction prod-
ucts, application costs, and safety, and reliability, cannot be
effectively solved yet, which hinder the industrial application
of these technologies.18

Due to having very strong oxidizing, environment-friendly
features and simple process, homogeneous Photo-Fenton-
Like reactions have been widely studied and applied in
degrading organic pollutants from industrial wastewater.'®*°
The results of Liu et al. show that Photo-Fenton-Like reac-
tions can oxidize SO, and NO, from flue gas into available
sulfuric acid and nitric acid.>'?* In these works, the related
process parameters were optimized, and the reaction mecha-
nism and kinetics were also investigated.”'*> However, so
far, removal of Hg’ from flue gas using Photo-Fenton-Like
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Figure 1. Schematic diagram of experimental device.

(1-5) SO,, CO,, NO, O,, and N, cylinders; (6-11) rota-
meters; (12) gas mixing tank; (13,14) gas valves; (15)
flue gas analyzer; (16) flue gas Hg® analyzer; (17) Hg"
generator; (18) constant temperature water bath; (19)
sand core gas distribution plate; (20) guartz tube; (21)
UV lamp; (22) reactor cover 22; (23) thermometer; and
(24) photochemical reactor.

reactions is not reported yet. If Photo-Fenton-Like reactions
also can effectively remove HgO in flue gas, it is expected
that it may eventually be developed into an effective simul-
taneous removal technology of SO,, NO,, and Hg" from flue
gas. In this article, removal process of Hg” from flue gas by
homogeneous Photo-Fenton-Like reactions was investigated
in a photochemical reactor. The effects of process parame-
ters, flue gas components, inorganic anions and metal oxides
on Hg’ removal were studied. The active radical was cap-
tured and the reaction products were analyzed. Removal
pathways of Hg" were discussed. Simultaneous removal of
Hgo, NO, and SO, with and without additives is also studied
preliminarily. The results will provide some theoretical guid-
ance for the industrial applications of this technology.

Experimental Section
Experimental device

It can be seen in Figure 1, the experimental device mainly
consists of gas preparation system, detection system and
photochemical reactor. Cylinder gases (1-5), including SO,,
CO,, O,, NO, and N, (Purity, 99.99%), are used to make
simulated flue gas and carrier gas. Rotameters (6-11) are
used to adjust the flows of gases and the concentrations of
gas components. Gas mixing tank (12) is used to strengthen
the mixture of five gases. Gas valves (13,14) are used to
change the flow direction of simulated flue gas. Flue gas
analyzer (15) (MRU-VARIO PLUS, Germany) and flue gas
Hg0 analyzer (16) (QM201H, Suzhou Qingan Instrument
Co., China) are used to determinate concentrations of SO,,
CO,, NO, 0,, and Hg’, respectively. Hg" vapor generator
(17) (VICI Metronics) is used to produce Hgo vapor. Con-
stant temperature water bath (18) and thermometer (23) are
used to adjust solution temperature. The photochemical reac-
tor (24) (High, 36 cm; Inside diameter, 9.0cm) is made of
Silicate Glass. Sand core gas distribution plate (19) is
installed at 6 cm away from the bottom of photochemical
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reactor to distribute gas. UV lamp (21) with quartz tube (20)
is placed in the center of photochemical reactor to provide
excitation light source for photochemical reaction. The solu-
tion can be added to the photochemical reactor by opening
the reactor cover (22).

Experimental procedures

Before the experiment, 0.4 L Photo-Fenton-Like reagents,
including Fe3+/H202 or Cu2+/H202, were prepared by H,0,/
FeCl;-6H,0 and H,0,/CuCl,-2H,0 reagents (Guoyao Chem-
ical Reagent Co., AR, China) and deionized water, respec-
tively. The two Photo-Fenton-Like solutions prepared were
added to the photochemical reactor by opening the reactor
cover, respectively. 2 L/min simulated flue gas was prepared
by the cylinder gases and Hgo vapor generator. Flows and
concentrations of simulated flue gas were regulated by the
rotameters. Inlet concentrations of SO,, CO,, NO, O,, and
Hg” were measured by the flue gas analyzer and flue gas
Hg" analyzer. Solution temperatures were adjusted to the
required values by the constant temperature water bath and
the thermometer. When solution temperature reached the
required value, turning on the UV lamp, and meanwhile,
simulated flue gas began to enter the photochemical reactor
to make a gas-liquid reaction by switching gas valves. The
outlet concentrations of pollutants were measured by the flue
gas analyzer and the flue gas Hgo analyzer. Each experimen-
tal run was kept for 16 min, and the average concentration
within 16 min was used as outlet concentrations of pollu-
tants. The containing-pollutants simulated flue gas was fur-
ther purified and was discharged to laboratory outside.

Analytical methods

The flue gas Hg” analyzer takes a cycle measurement mode
of 1 min sampling-3 min measurement-4 min cleaning (Gold
amalgamation method is used to capture Hg" and fluorescence
spectroscopy method is used to measure Hg®), thus obtaining
a value often requires 8 min. The average concentration
within 16 min can be obtained by taking the average value of
two instantaneous values in the eighth min and the sixteenth
min. Before the experiment, 80.0 ug/m® of Hg” standard sam-
ple was used to test the repeatability of flue gas Hg" analyzer,
and the results indicated that four measured values were 79.9,
80.0, 80.1, and 80.1 ,ug/m3 , respectively (Standard deviation
is 0.1 and maximum error is 0.125%.), which showed that the
flue gas Hg0 analyzer had a good repeatability. The SO,, NO,
and O, concentrations were measured by electrochemical
methods and the CO, concentration was measured by nondis-
persive infrared methods. The related tests about systematical
error can be found in Table 2 in the back Section Repeatabil-
ity Test. To study removal pathways and reaction products of
Hg0 removal, the concentrations of NO, , NO;, SO%f, SO?{,
total mercury, and Hg" in solution were measured by ion
chromatography (IC) and liquid fluorescence mercury ana-
lyzer. The key active intermediate, -OH, was also captured by
electron spin resonance spectrometer (ESR spectrometer,
Bruker ESP-300) combining with 5,5-dimethy 1-1- pyrrolidine
N-oxide (DMPO) (>99%, Sigma) as a spin trap agent. The
measurement method of concentrations of total mercury and
Hg" references the literature.’

Removal efficiency

The concentrations of pollutants measured by the gas
bypass line are used as the inlet concentration of pollutants.
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Conditions: Hg’ concentration, 30 pg/m>*; CO, concen-
tration, 12.0%; O, concentration, 6.0%; SO, concentra-
tion, 800 ppm; NO concentration, 400 ppm; Solution
temperature, 318 K; Solution pH value, 3.4; H,O, con-
centration, 0.40 mol/L; Light wavelength, 254 nm; UV
power per unit solution, 0.015 W/mL.

The average concentrations within 16 min measured by the
reactor outlet are used as the outlet concentrations of
pollutants. The removal efficiency is calculated by the fol-
lowing Eq. 1

Cin_Cout

in

Removal efficiency (%) = X 100% ()

where Cj, is the inlet concentration of pollutants in gas; C,y,
is the outlet concentration of pollutants in gas.

Results and Discussions
Effects of F&’* and Cu’™ concentrations

In the Sections Effects of Fe’" and Cu?* Concentration—
Simultaneous Removal of Hgo, NO, and SO, Without or
with Additives, when a parameter is studied, the other
parameters remain unchanged. The related experimental con-
ditions can be found below the Figure captions. Figure 2
shows the effects of Fe’" and Cu?* concentrations on
removal efficiency of Hg® when the UV lamp is turned on.
It can be observed from the Figure 2 that when the other
parameters remain unchanged, with Cu** concentration
increasing from 0 to 0.01 mol/L, Hg® removal efficiency
increases from 67.9 to 85.4%. With Fe®" concentration
increasing from 0 to 0.006 mol/L, Hg0 removal efficiency
increases from 67.9 to 86.3%. However, when Fe’" concen-
tration further increases from 0.006 to 0.01 mol/L, Hg"
removal efficiency decreases from 86.3 to 80.5%. Related
results show that Hg0 from flue gas can be oxidized to ngJr
by -OH according to the following reaction 2)>**

Hg’ +2-OH — Hg(OH),~bHgO+H,0  (2)
The results'®?? show that increasing Fe** and Cu®>* con-
centrations can increase -OH yields of Photo-Fenton -Like

systems by the following reactions (3-10), thereby being
able to promote removal of Hg’
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Cu*" + H,0, — [Cu(HO,)] " +H™ 3)

[Cu(HO,)] " — Cu™ +HO,- “)
[Cu(HO,)] " —5Cu ™ + HO,- )
Cu® +H,0, — Cu** + -OH+ OH~ (6)
Fe’" + H,0, — [Fe(HO,)*" +H™ @)
[Fe(HO,)]*" — Fe?* + HO,- ()
[Fe(HO,) 2" “5Fe?* + HO,- ©)
Fe’" +H,0, — Fe*t + .OH+ OH™ (10)

However, adding excessive Fe* may result in a consump-
tion of -OH and H,O, by the following side reactions (11)—
(15) with large reaction rates,'>* thereby inhibiting removal
of Hg’

Fe’™ + .OH — Fe’* +OH™ k=3.0x10°M 57!

(11D

OH+ -OH — H,0, k=5.0X10"M 's"! (12)
OH+H,0, — H,0+HO, - k=27x10'M"'s™! (13)
OH+HO, — H,0+0, k=10x10"M"'s"" (14)
HO, - +HO;- — H,0,+ 0, k=34x10'M"'s™" (15)

Thus under the test conditions, when Fe*' concentration
exceeds 0.006 mol/L, HgO removal efficiency decreases.

Effects of H,0, concentrations

The effects of H,O, concentration on Hg0 removal effi-
ciency were studied when the other parameters remain con-
stant, and the results are shown in Figure 3. It can be seen
from the Figure 3 that under catalysis of Fe**, when H,0,
concentration increases from 0 to 0.8 mol/L and then further
increases from 0.8 to 2.0 mol/L, Hg® removal efficiency
increases from 52.8 to 89.1% and then decreases from 89.1
to 71.1%, respectively. But under catalysis of Cu®>*, when
H,O, concentration increases from 0 to 0.4 mol/L and then
further increases from 0.4 to 2.0 mol/L, Hg® removal effi-
ciency increases from 52.8 to 81.8% and then decreases
from 81.8 to 66.3%, respectively. Related results show that
1 mol of H,O, can produce 2 mol of -OH by the following
H,0, photolysis reaction (16).>* -OH can oxidize and
remove HgO from flue gas according to the above reaction
(2). It can be inferred from the reaction (16) that in the range
of low concentration, the increase of H,O, concentration
will increase the yield of -OH, thereby being able to enhance
removal of Hgo.

H,0,—2%2 . OH (16)

However, some results™* also show that H,0, is also a
scavenger of -OH, and can consume -OH by the above side
reaction (13) with a very high reaction rate. The oxidizing of
the product HO,- is much weaker than that of -OH. Thus
adding high concentration of H,O, will result in a loss of
-OH and H,0,, which can reduce Hg" removal efficiency.

In addition, to further study the effects of H,O, concentra-
tion, a comparative study on the yield of -OH in H,0O, solu-
tion with different concentrations was carried out
preliminarily, and the results are shown in Figure 12c—e. It
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Figure 3. Effects of H,O, concentration on Hg® removal
efficiency.
Conditions: Hg0 concentration, 30 p,g/mS; CO, concen-
tration, 12.0%; O, concentration, 6.0%; SO, concentra-
tion, 800 ppm; NO concentration, 400 ppm; Solution
temperature, 318 K; Solution pH value, 3.4; Fe** or
Cu** concentrations, 0.006 mol/L; Light wavelength,
254 nm; UV power per unit solution, 0.015 W/mL.

can be seen in the Figure 12c—e, under catalysis of Cu?",
ESR spectrometer captures clear signals of -OH in H,O,
solution with different concentrations. Compared with
0.1 mol/L (low concentration) and 1.2 mol/L (high concen-
tration) of H,O, solution, 0.4 mol/L H,O, solution (opti-
mized concentration) obtains the highest yield or
concentration of -OH (the yield or concentration of radical is
proportional to the peak intensity under the same test condi-
tions.). The measurement results maintain a good consistency
with the above discussions.

Effects of light wavelength

Figure 4 shows Hg0 removal efficiencies in several reac-
tion systems with different wavelengths and ions. It can be
seen that when the other parameters remain unchanged,
under catalysis of Fe’* and Cu”*, Hg” removal efficiencies
reach 56.8%/86.3%/49.2%/27.5% (Fe**) and 54.5%/81.8%/
40.8%/18.8% (Cu*") under 185, 254, 365 nm, and visible
light, respectively. It is well known that the energy of an
ultraviolet photon can be calculated by the following Planck
Eq. 17°*

c

e=hv=h 7 17)
where ¢- energy of photon, J; v- ultraviolet frequency, 1/s; A-
Planck constant, 6.626 X 103 J-s; c-speed of light, 2.998
X 10® m/s; and A- ultraviolet wavelength, 100-380 nm.

It can be inferred from the above Planck Eq. 17 that when
ultraviolet light wavelength becomes shorter, the energy of
ultraviolet light photon will become higher. A higher ultra-
violet light photon energy can more fully destroy the perox-
ide bond in H,O, and therefore produce more -OH radicals.
However, when ultraviolet light wavelength becomes shorter,
the propagation distance of ultraviolet light in solution also
will become shorter due to the heat dissipation characteris-
tics of ultraviolet light propagation in mediums. Syntheti-
cally considering the propagation distance and the ultraviolet
light photon energy, 254 nm is the most effective ultraviolet
light wavelength in the present photochemical reaction sys-
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tem, and achieves the highest Hg" removal efficiency. In
addition, Granite and Pennline et al. also found 254 nm
ultraviolet light to be highly effective in removing mercury
from flue gas,14’16’17 which maintains consistency with the
present results.

Effects of UV power per unit solution

The experiment was conducted to evaluate the effects of
UV power per unit solution on Hg removal efficiency (The
other parameters remain constant). It can be seen from Fig-
ure 5 that when UV power per unit solution increases from O
to 0.025 W/mL, Hg" removal efficiency greatly increases
from 27.5 to 89.5% and from 18.8 to 82.9% under catalysis
of Fe’" and Cu*", respectively. According to the above pho-
tolysis reaction (16), with the increase of UV power per unit
solution, the ultraviolet light photon will become more
numerous, and then the yield of -OH also will increase,
thereby being able to increase Hg" removal efficiency. In
addition, the results of Granite et al. show that in any radia-
tion process, the parasitic power or energy consumption is
typically the major operating expense.l4_l7 Thus choosing a
reasonable UV power per unit solution should fully consider
the energy consumption and the remove efficiency. The ini-
tial results in Figure 5 will help further determine the para-
sitic power needed for the process in the future works.

Effects of solution pH value

The effects of solution pH value on Hg0 removal effi-
ciency was studied when the other parameters remain
unchanged. From the Figure 6, it can be seen that when
solution pH value increases from 1.2 to 11.2, Hg" removal
efficiency greatly decreases from 94.5 to 32.2% and from
87.8 to 35.5% under catalysis of Fe’™ and Cu®", respec-
tively. Related results show that H,O, in alkaline solution
can produce HO, to consume -OH and H,0, by the follow-
ing reactions (18) and (19)3’4’20’22

H,0, «> HO; +H™ (18)

90 4 Fe**-254nm
] 7 Cu?"-254nm

80 7

3
§60 {Fe*'-185nm Cu?"-185nn{
5_ 1 W Fe’'-365nm [
2 7 Cu?'-365nm

s ]
230- Fe’ Plisible light
| Cu?fsfisible light

10 %
0 / .

T T v T v T
Different reaction systems

Figure 4. Hg® removal efficiencies in several reaction
systems with different wavelengths and ions.

Conditions: Hg’ concentration, 30 pg/m*; CO, concen-
tration, 12.0%; O, concentration, 6.0%; SO, concentra-
tion, 800 ppm; NO concentration, 400 ppm; Solution
temperature, 318 K; Solution pH value, 3.4; Fe** or
Cu®* concentrations, 0.006 mol/L; H,O, concentration,
0.40 mol/L; UV power per unit solution, 0.015 W/mL.

DOI 10.1002/aic 1325



= Fe3+

540 —e— Cu?*

T T T T T
0.005 0.010 0.015 0.020 0.025

UV power per unit solution (W/mL)
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Conditions: Hg" concentration, 30 pg/m’; CO, concen-
tration, 12.0%; O, concentration, 6.0%; SO, concentra-
tion, 800 ppm; NO concentration, 400 ppm; Solution
temperature, 318 K; Solution pH value, 3.4; Fe’* or
Cu?* concentrations, 0.006 mol/L; H,0, concentration,
0.40 mol/L; Light wavelength, 254 nm.

.OH + HO; — H,0+0; - (19)

It can be seen from the above reactions (18) and (19) that
increasing solution pH value can increase OH  concentration
to neutralize H', which can further increase the yield of
HO[.zO Besides, some results show that H,O, and Photo-
Fenton-Like reagents often have weaker oxidizing under alka-
line conditions as compared to acidic conditions.'*~** There-
fore, under these test conditions, with the increase of solution
pH value, Hg” removal efficiency has a large decrease.

Effects of solution temperature

The effects of solution temperature on Hgo removal effi-
ciency were studied when the other parameters keep constant,

100 ~
90 |
80

(%)

3+
=50 Fe
zZ —o— Cu?*
£ 40 -
o

30 -

20

T T T T T T T T T T T
0 2 4 6 8 10 12

Solution pH value

Figure 6. Effects of solution pH value on Hg® removal
efficiency.

Conditions: Hg’ concentration, 30 pg/m®; CO, concen-
tration, 12.0%; O, concentration, 6.0%; SO, concentra-
tion, 800 ppm; NO concentration, 400 ppm; Solution
temperature, 318 K; Fe’* or Cu?* concentrations,
0.006 mol/L; H,0, concentration, 0.40 mol/L; Light
wavelength, 254 nm; UV power per unit solution, 0.015
W/mL.
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Figure 7. Effects of solution temperature on Hg°
removal efficiency.
Conditions: Hg® concentration, 30 pg/m®; CO, concen-
tration, 12.0%; O, concentration, 6.0%; SO, concen-
tration, 800 ppm; NO concentration, 400 ppm; Solution
pH value, 3.4; Fe** or Cu®* concentrations, 0.006 mol/
L; H,0, concentration, 0.40 mol/L; Light wavelength,
254 nm; UV power per unit solution, 0.015 W/mL.

and the results are shown in Figure 7. It can be seen that
when solution temperature increases from 298 to 348 K, Hg"
removal efficiency decreases from 89.5 to 74.2% and from
83.1 to 76.3% under catalysis of Fe’* and Cu®*, respec-
tively. According to the Arrhenius equation, increasing solu-
tion temperature will increase the chemical reaction rate,”’
thereby promoting removal of Hg®. However, increasing solu-
tion temperature also will reduce the solubility of Hg’ in
water [the solubilities of Hg” in water are 112.0 X 10>
(298 K), 67.4 X 107% (308 K), 42.4 X 10~* (318 K), 28.0 X
1077 (328 K), 19.3 X 107° (338 K), and 13.6 X 107>
(348 K) kmol/(m3-atm)],9’23 thereby weakening Hg0 removal.
In this article, with the increase of solution temperature, the
reduction of Hg" solubility may play a major role, which
eventually results in the decrease of Hgo removal efficiency.

Effects of Hg® concentration

The effects of Hg® concentration on Hg® removal effi-
ciency was studied when the other parameters remain
unchanged, and the results are shown in Figure 8. As shown
in Figure 8, under catalysis of Fe**, when Hg” concentration
increases from 10 to 30 pg/m’ and then further increases
from 30 to 50 ug/m’, Hg" removal efficiency increases from
81.1 to 86.1% and then almost keeps constant. But under
catalysis of Cu®", when Hg0 concentration increases from 10
to 50 ug/m®, Hg® removal efficiency continuously decreases
from 83.2 to 77.1%. According to the two-film theory, Hg"
absorption rate can meet the following Eq. 20***?

NHgO = ngO7G (pHg(',G - pHgl{i) (20)

where Ny is the absorption rate of Hg’, mol/m? - s; ngu G
is the gas- phase mass-transfer coefficient, mol/s - m? - Pa;
Pug is the Hg partial pressure in gas-phase body, Pa;
Pug; 18 the Hg" partial pressure in phase interface, Pa.

From the above Eq. 20, it can be seen that increasing Hg
concentration in gas can increase Hg absorption rate by
increasing the mass-transfer driving force of Hg®, which is
conducive to removal of Hg”. When the other test conditions

April 2015 Vol. 61, No. 4 AIChE Journal
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Figure 8. Effects of Hg® concentration on Hg® removal
efficiency.
Conditions: CO, concentration, 12.0 %; O, concentra-
tion, 6.0 %; SO, concentration, 800 ppm; NO concentra-
tion, 400 ppm; Solution temperature, 318 K; Solution
pH value, 3.4; Fe’* or Cu®** concentrations, 0.006 mol/
L; H,0, concentration, 0.40 mol/L; Light wavelength,
254 nm; UV power per unit solution, 0.015 W/mL.

keep constant, the concentrations of -OH/H,O,/hv/H,O also
will keep unchanged. But the increase of Hg" concentration
will increase the number of Hg molecules through reactor
per unit time, which will decrease the relative molar ratio of
-OH/H,0,/hv/H>0 to Hgo (the relative molar ratio is defined
as [-OH/H,O,/hv/H,O concentrations]/[Hg0 concentration]),
thereby being not conducive to removal of Hgo. It can be
inferred from the above experimental results that under catal-
ysis of Fe’*, the front positive factor plays a major role
when Hg® concentration is located between 10 and 30 ug/
m’. In contrast, the back negative factor plays a major role
when Hg® concentration is located between 30 and 50 ug/
m>. However, under catalysis of Cu2+, the back negative
factor always plays a leading role throughout the range of
Hg" concentrations (10-50 pg/m?®), and as a result, Hg’
removal efficiency maintains a monotonic decrease.

Effects of flue gas components

Figure 9 shows the effects of flue gas components (SO,
concentration, CO, concentration, NO concentration, and O,
concentration) on Hg0 removal efficiency. It can be seen
from Figure 9 that when the other parameters remain
unchanged, under catalysis of Fe’* and Cu®", with the
increase of SO, concentration, Hg" removal efficiency
slightly decreases. Related results show that SO, can con-
sume H,O, and -OH by the following reactions (21)—
(26),>*21-22 thereby weakening Hg0 removal

SO, + H,0 «» HSO; +H™ (1)
HSO; « SO +H" (22)

HSO; + -OH — SO; - +H,0 (23)
SO} + -OH — -SO; +OH~ 24)
HSO; +H,0, — SO;” +H™ + H,0 (25)
SO + H,0, — SO + H,0 (26)

With the increase of NO concentration, Hgo removal effi-
ciency very slightly decreases, and the change is not
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obvious. Related results show that NO also can consume
H,0, and -OH by the following reactions (27)—(31),3‘4‘21’22
thereby weakening Hgo removal

NO + -OH — HNO, 27)
HNO; + H,0, — HNO3; + H,0 (28)
NO; + -OH — HNO; (29)
2NO; + H,0, — 2HNO3 (30)
2NO + 3H,0, — 2HNO; + 2H,0 3D

With the increase of O, concentration, Hgo removal effi-
ciency only very slightly increases, but the change is also
not obvious. Related results show that O, often can play an
important role in hindering the collisions and destruction of
free radicals by the following chain reactions (32) and
(33).3’4’22’24 It can be seen that -OH is consumed by the reac-
tion (32), and then is regenerated by the reaction (33), which
can effectively restrain the above side reactions (11)—(14),
then increasing the effective utilization of -OH

O,+ -OH — HO,- + -0 k=10-10"M"'s"! (32
H,0,+ -0 — HO,- + -OH k=16X10°M"'s™" (33)

Therefore, under the test conditions, the increase of O,
concentration can slightly improve removal of Hg”. Because
the stable valences of C and O in CO,, CO, is generally
considered to be a low-active substance in the oxidation-
reduction reactions. Therefore, under the test conditions,
with the increase of CO, concentration, Hgo removal effi-
ciency almost has no change. The above results show that
the change of flue gas components concentrations only has a
small impact on HgO removal, which demonstrates that HgO
removals by homogeneous Photo-Fenton-Like reactions have
a good adaptability for the changes of flue gas components.

Effects of inorganic anions and metal oxides

Effects of NO;, CI, and SOf,_. It is well known that
inorganic ions and metal oxides are widely present in natural
waters or coal-fired flue gases. Thus it is very necessary to
study the effects of inorganic ions and metal oxides on
removal of Hg’ from flue gas by homogeneous Photo-
Fenton-Like reactions. Figure 10 shows the effects of com-
mon inorganic ions and metal oxides (SOzf, NOy, CI',
CO§7, HCOy, Al,O3, SiO,, and Fe,O3) on Hgo removal effi-
ciency. It can be seen in Figure 10a that when the other
parameters remain unchanged, the addition of NO; or CI™
has a slight inhibition for Hg” removal, but the addition of
SOﬁ_ has a slight promotion for Hg® removal. Related
results show that both CI” and NOj can react with -OH to
produce NOj- and -Cl according to the following reactions
(34)—(36), which will result in consumption of -OH.>>% The
oxidizability of the secondary products, -Cl and -NOjs is
much weaker than that of -OH,?** thereby being not condu-
cive to removal of Hg?

ClI” + -OH <« HOCI - (34)
HOCI™ - +H"' < CI- + H,0 (35)
NO;™ + -OH — ‘NO3 + OH™ (36)

Unlike NO; and Cl~, SO also can react with -OH to
produce SOif- according to the following reaction (37),2°
but the secondary product, SO?[-, also has a very strong
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Figure 9. Effects of flue gas components on Hg® removal efficiency.

Conditions: Hg" concentration, 30 pg/m®; Solution temperature, 318 K; Solution pH value, 3.4; Fe’* or Cu?* concentrations,
0.006 mol/L; H,0, concentration, 0.40 mol/L; Light wavelength, 254 nm; UV power per unit solution, 0.015 W/mL.

oxidizability, and it can directly oxidize Hg® by the follow-
ing reaction (38)30

SO:" + -OH — SO, - +OH™ (37)
280, - +Hg" — Hg?* +2S03~ (38)

Besides, SO, - also can react with H,O to reproduce -OH
by the following reaction (39)*°

SO; - +H,0 — -OH + HSO; (39)

It can be seen from the above reactions (37)—(39) that as
an intermediate, SO;  plays an important role in hindering
the destruction of -OH radicals, thereby being conducive to
removal of Hgo.

Effects of HCO; and COg_. It can be seen from Figure
10a that when the other parameters remain constant, with the
additions of HCO; and CO3 ", Hg’ removal efficiencies
greatly decrease. Related results®>° show that as the scav-
engers of -OH, both HCO; and CO3}~ can consume -OH by
the following reactions (40) and (41). The oxidizability of
the secondary product, CO5, is also much weaker than that
of -OH,**% thereby being not conducive to removal of Hgo

HCO; + -OH — CO; - + H,0 (40)
CO3;” + -OH — CO; - +OH™ (41

Besides, both HCO; and CO3~ can produce OH™ in solu-
tion by the following hydrolysis reactions (42) and (43)*'

HCO; + H,0 <« H,CO; + OH™ (42)
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COj™ 4+ H,0 « HCO; + OH™ 43)

The previous results (Section Effects of Solution pH
Value) have shown that increasing solution pH value (or
increasing OH™  concentration) can greatly decrease Hgo
removal efficiency. Therefore, under the test conditions, both
HCO; and CO%f have significant negative impacts on
removal of Hgo.

Effects of Al,O3, SiO,, and Fe;O3. It can be seen from
Figure 10b that when the other parameters remain
unchanged, with the additions of Al,O3, SiO,, and Fe,O3,
Hg0 removal efficiencies decrease. According to the follow-
ing Beer-Lambert Law Eq. 44,°' with the increase of
medium concentration, UV transmitted light intensity will
have an exponential decrease. Al,Os, SiO,, and Fe,O3 are
particulate matters, thus the addition of Al,Oz, SiO,, or
Fe,0O5 will lead to the reflection and scattering of UV light
in solution, which is able to diminish the penetration rate of
UV light in solution, thereby weakening photochemical reac-
tion of Hg"

I, = Ipexp (—klcp) (44)

where [,- UV transmitted light intensity, W/cmz; Iy- UV
incident light intensity, W/cm?; k- Light absorption coeffi-
cient; /- Dielectric layer thickness, cm; and ¢g- Medium con-
centration, mol/L.

In addition, during the experiment, it was found that the
addition of Al,O3, SiO,, or Fe,03 apparently aggravated the
coalescence of small bubbles in the photochemical reactor.
Coalescence of small bubbles will result in the decline of
gas-liquid interfacial area, and then can weaken the gas-
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Conditions: Hgo concentration, 30 ug/ms; CO, concentration, 12.0 %; O, concentration, 6.0%; SO, concentration, 800 ppm; NO
concentration, 400 ppm; Solution temperature, 318 K; Solution pH value, 3.4; Fe** or Cu®* concentrations, 0.006 mol/L; H,0,
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liquid reaction,*~? being not conducive to removal of Hg’.
Thus under the test conditions, with the additions of Al,O3,
Si0,, and Fe,03, Hgo removal efficiencies decrease.

Comparative study

The comparison study in different reaction systems was
carried out and the results are shown in Figure 11. It can be
seen that under catalysis of Fe’"/Cu®*, Hg” can achieve
removal efficiencies of 52.8%/52.8%, 7.3%/7.3%, 27.5%]/
18.8%, 86.3%/81.8%, and 67.9%/67.9% in UV [Column A],
H,0, [Column B], Fenton-Like reactions [Column C],
Photo-Fenton-Like reactions [Column D], and UV/H,O,
[Column E], respectively. The above results show that
Photo-Fenton-Like reactions have the best performance for
removal of Hg0 and there are significant synergistic effects
among UV, H,0, and Fe*/Cu®™.

Capture of -OH radicals

The capture of key radicals in chemical reaction process is
a very important work for studying the mechanism and reac-
tion pathways of Hg" removal. In the present work, the key
-OH in solution was captured by ESR spectrometer combin-
ing with DMPO, and the results are shown in Figure 12. As
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Figure 11. Comparison study in different reaction systems.

shown in Figure 12a, ESR spectrometer cannot capture a
clear radical signal without adding H,O, (blank sample).
However, it can be seen in Figure 12b—e, under catalysis of
Fe’* and Cu®*, the typical four-line ESR spectra was
detected in H,O, solutions with different concentrations
when the UV lamp was turned on, respectively. The hyper-
fine splitting constants ay = 15.2 G and ay = 14.7 G were in
good agreement with the literature data ax=15.0 G and
ay = 14.8 G.>**? The results show that -OH was produced in
the two reaction systems. The results can provide powerful
supports for verifying the reaction pathway of Hg" removal
by -OH oxidation.

Reaction products

To study the reaction pathways of Hg” removal, the con-
centrations of NO,, NO;, SO%_, SO, total mercury, and
Hgo in solution were measured by IC and fluorescence
mercury analyzer, and the results are shown in Table 1.
The results show that SO\%*, NO,, and Hg0 are not
detected in mixed solution. However, SOi_, NO;, and
Hg”" are detected in mixed solution. The SOi_ may be
the oxidation product of SO, from flue gas, and the NOj
may be the oxidation product of NO from flue gas. The
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Conditions: Hgo concentration, 30 pg/m’; CO, concentration, 12.0%; O, concentration, 6.0%; SO, concentration, 800 ppm; NO
concentration, 400 ppm; Solution temperature, 318 K; Solution pH value, 3.4; Fe** or Cu?* concentrations, 0.006 mol/L; H,0,
concentration, 0.40 mol/L; Light wavelength, 254 nm; UV power per unit solution, 0.015 W/mL.
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Hg®" may be the oxidation product of Hg® from flue gas.
To further verify the transfer pathways of N, S, and Hg in
flue gas, based on the results of oxidation product concen-
trations and removal efficiency, the calculations of mass
balances for NO, SO, and mercury were carried out and
the results are shown in Table 1. It can be seen that the

determined values of total N, S and mercury concentrations
are in good agreement with the predicted values. The
results further suggest that NO, SO, and Hgo are mainly
removed by oxidation reactions, and SO2~, NO;, and
Hg?" are the main reaction products of NO, SO,, and Hg"
removals, respectively.

Table 1. Reaction Products and Mass Balances for NO, SO,, and Mercury

Ton category (catalysis of Fe’™) SO;~ SO%’ NOj NO, Total mercury Hg°

Measured concentration (mg/L) 249.8 0 29.8 0 1.73 (ug/L) 0

Theoretical concentration(mg/L) 274.5 - 34.1 - 2.07 (ug/L) -
Relative error (%) 8.9% - 12.6% - 16.4% -

Ton category (catalysis of Cu®™) SO;~ SO%’ NOy NO, Total mercury Hg’

Measured concentration (mg/L) 263.1 0 25.7 0 1.77 (ug/L) 0

Theoretical concentration(mg/L) 274.5 - 28.0 - 1.96 (ug/L) -
Relative error (%) 4.2% - 8.2 % - 9.0%
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Table 2. The Repeatability Tests of Hg’, SO,, and NO Removal Efficiencies

No.
Under catalysis of Fe*" 1 2 3 4 Average Standard deviation
Average removal efficiency of Hg®, (%) 86.2 86.3 86.2 86.4 86.3 0.10
Average removal efficiency of NO, (%) 38.6 38.5 38.5 38.4 385 0.08
Average removal efficiency of SO,, (%) 100 100 100 100 100 0.00

For the after-treatment of the mixed reaction products, the
ngJr in mixed solution can be separated by adding S** to
react with ngJr to produce HgS precipitation, which can be
recycled by simple precipitation separation in a separation
tower. The remaining sulfuric acid and nitric acid solution
will be used for the manufacture of agricultural fertilizers by
adding ammonia to produce ammonium sulfate and ammo-
nium nitrate, which has no secondary pollution. The evapo-
ration and crystallization process of ammonium sulfate and
ammonium nitrate can be carried out using waste heat from
boiler flue gas (exhaust gas temperature of boilers is typi-
cally greater than 120°C), which does not require additional
energy consumption.

Reaction pathways

The determined results of ESR spectrometer in Figure 11a
show that there is almost no clear radical signal in the reac-
tion system without adding H202/F€:3+ or HZOZ/CuPr (or
only using UV irradiation), but at this time, Hgo removal
efficiency still reaches 52.8% (Figure 10), which prove that
this part of Hg” removal efficiency may come from photo-
chemical oxidation removal of Hg” according to the follow-
ing reaction (45)>*

(A=254nm)

Hg” + H,0 + hv HgO + H, (45)

It can be seen in Figure 10 that Hgo removal efficiency is
7.3% using oxidation of H,O, alone, showing that removal
of Hg” by oxidation of H,O, occurs in the reaction system.
The great increase of Hg” removal efficiencies in two Photo-
Fenton-Like reactions, and the successful capture of -OH by
ESR spectrometer shows that Hg® has been removed by oxi-
dation of -OH. The results of reaction products and mass bal-
ance calculations also show that NO, SO,, and Hgo are
mainly removed by oxidation reactions, and SO; , NO;,
and Hg”" are the main oxidation products, which can further
prove that the oxidation reactions above-mentioned have
occurred in the reaction process. Besides, based on Hg’
removal efficiencies in different reaction systems, it can be
inferred that removals of Hg0 by photochemical oxidation
and -OH oxidation play a major role, and removal of Hg0 by
H,0, oxidation only plays a secondary role for removal of
Hg’. In summary, the mechanism and reaction pathways of
Hg” removal in Photo-Fenton-Like reactions may be
described by the following Figure 13.

Simultaneous removal of Hg’, NO, and SO, without or
with additives

At present, studying and developing effective simultane-
ous removal technologies of NOy, SO, and Hg’ from flue
gas has become one of the hot issues in the field of flue gas
puriﬁcation.”_35 In this work, simultaneous removal of Hgo,
NO, and SO, from flue gas by two homogeneous Photo-
Fenton-Like reactions was investigated preliminarily in the
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photochemical reactor, and the results are shown in Figure
14. It can be seen in Figure 14a that NO, SO,, and Hgo can
be removed simultaneously, and the simultaneous removal
efficiencies of NO, Hg0 and SO, are 38.5, 86.1, and 100%
under catalysis of Fe*, and are 31.3, 81.8, and 100% under
catalysis of Cu®", respectively. The results indicate that Hg"
and SO, can be efficiently removed, but NO can not be effi-
ciently removed because of its very low solubility in water.
Therefore, it is very necessary to look for effective measures
to strengthen removal of NO.

To strengthen removal of NO by two homogeneous Photo-
Fenton-Like reactions, several representative and effective
strengthening additives®' > such as TiO, photocatalyst
(representing catalysts), CaCO; (representing alkaline sub-
stances) and Na,S,0g (representing peroxides) were added to
the photochemical reactor, and the results can be seen in
Figure 14b—d. It can be observed that with the increase of
TiO,, CaCOs;, or Na,S,0g concentration, SO, can still keep
100% removal. However, unlike SO,, both Hg0 and NO
removal efficiencies significantly change. For example, with
the increase of TiO, concentration, both Hgo and NO
removal efficiencies decrease under catalysis of Fe’" and
Cu®". With the increase of CaCO;3; concentration, NO
removal efficiency greatly increases, but Hg” removal effi-
ciency greatly decreases under catalysis of Fe>* and Cu®".
Based on the addition of CaCQOs, and with the increase of
Na,S,0g¢ concentration, both Hg0 and NO removal efficien-
cies obviously increase under catalysis of Fe’* and Cu".
The results show that both homogeneous Photo-Fenton-Like
reactions may be used to simultaneously remove Hg’, NO,
and SO, from flue gas with the addition of CaCO; and
Na,S,0g. The related contents about simultaneous removal
of NO, SO, and HgO by combined process will be further
studied in the future works.

Repeatability test

The repeatability tests were carried out to evaluate the sta-
bility and reliability of the experimental system and

He' Hgo 2:OH 2HO;
XK b KN T
‘OH  Fé’

Fe*/Cu**
+ He
W.Igzoz/_ e ;
Hg"\\ /) N Fea O

2-OH ‘OH  H O,

*’-—___— Hg(oﬂ)zi_—/ﬂgo . ,O><HO,:

*

Figure 13. Schematic diagram of mechanism and reac-
tion pathways of Hg’ removals by two
Photo-Fenton-Like reactions.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

DOI 10.1002/aic 1331


http://wileyonlinelibrary.com

11076 Fe¥*-50, Cu?'-S0,
1004 -

90 4 Fe%_ﬁg(‘}‘é “““““““““““ 7 ......... 7 .................................

80+
)
£'70
8

© 60 A

=
©50
% 40
5
230
20
10

Fe**-NO
Cu?*-NO

—a— 1-7433*'-Hg0
—e— Cu**-Hg’
8 ——TFe**-80,
5 —v—Cu*-80,
g —<—Fe*-NO

—— Cu?*-NO

O-I 1 T T T T T T T T T T LI T T T

0 1 2 3 4 5 6 7 8 9
CaCO, concentration (wt %)

100 * * *
90 ®
_80 ':f::%
i%:—/o ] —=— Fe3*-Hg’
60 —e— Cu?*-Hg"
% 0. —4—Fe**-30,
%401 —v— Cu*'-S0,
g “\4\4\‘ —4—Fe**-NO
é 30 t»\’\b\’ > Cu*-NO
204
10
04 T T T T T T T T
0.0 05 10 15 2.0
TiO, concentration (g/L)
100 * * *
90 (@
\?80 B
S 3 _1740
370 1 e 2+ e 0
2 60 —e— Cu“"-Hg
3 /—”"”’4' —a—Fe*-S0,
& 50
©50 —v—Cu?*-80,
£ 404 3+
g —<—Fe’-NO
S 30+ —— Cu?*-NO
20 1
10 1
04 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Na,S,04 concentration (mol/L)

Figure 14. Effects of additive concentrations on simultaneous removal efficiencies of Hg°, NO, and SO.,.

Conditions: Hgo concentration, 30 ug/ms; CO, concentration, 12.0%; O, concentration, 6.0%; SO, concentration, 800 ppm; NO
concentration, 400 ppm; Solution temperature, 318 K; Solution pH value, 3.4; Fe** or Cu®* concentrations, 0.006 mol/L; H,0,
concentration, 0.40 mol/L; Light wavelength, 254 nm; UV power per unit solution, 0.015 W/mL.

measurement method under the following experimental con-
ditions: Hg0 concentration, 30 ,ug/m?’; CO, concentration,
12.0%; O, concentration, 6.0%; SO, concentration, 800
ppm; NO concentration, 400 ppm, solution temperature,
318 K, solution pH value, 3.4, Fe’t or Cu®" concentrations,
0.006 mol/L, H,O, concentration, 0.40 mol/L, light wave-
length, 254 nm, UV power per unit solution, 0.015 W/mL,
and the results are shown in xxTable 2. The results show
that Hg, SO,, and NO removal efficiencies have good repro-
ducibility and can provide reliable results.

Conclusions

The main conclusions of this article are as follows: UV
power per unit solution, light wavelength, H,O, concentra-
tion, and solution pH has great effects on Hg" removal. Hg"
and SO, concentrations, solution temperature, Fe’ *, Cu2+,
CO§_, and HCO; concentrations also have significant
effects on HgO removal. However, the concentrations of
CO,, NO, O,, CI', NOy, SO?[, Si0,, Al,Os, and Fe,O;
only have slight effects on HgO removal. HgO, NO, and SO,
can be simultaneously removed by two homogeneous Photo-
Fenton-Like reactions, but NO removal efficiency is low.
Simultaneous removal of Hgo, NO, and SO, can be enhanced
by simultaneously adding CaCO; and Na;S,0g, but was
weakened by adding TiO, alone. Photo-Fenton-Like reac-
tions have the best performance for removal of Hg® and
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there are significant synergistic effects among UV, H,O, and
Fe®"/Cu®*. The key -OH in solution were captured by ESR
spectrometer combining with DMPO under catalysis of Fe*
or Cu**. NO, SO, and Hg0 are mainly removed by oxidation
reactions, and SOff, NOy, and ngJr are the main oxidation
products. Removals of Hg” by photochemical oxidation and
-OH oxidation play a major role, and removal of Hg’ by

H,0, oxidation only plays a secondary role for removal of
Hgo.
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