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Abstract In this work, a catalytic membrane using Mn/
Mo/Ru/Al,O5 as the catalyst was employed to remove
elemental mercury (Hg°) from flue gas at low temperature.
Compared with traditional catalytic oxidation (TCO)
mode, Mn/Al,0O; membrane catalytic system had much
higher removal efficiency of Hg’. After the incorporation
of Mo and Ru, the production of CI, from the Deacon
reaction and the retainability for oxidants over Mn/Al,O;
membrane were greatly enhanced. As a result, the
oxidization of Hg" over Mn/Al,O; membrane was
obviously promoted due to incorporation of Mo and Ru.
In the presence of 8 ppmv HCI, the removal efficiency of
Hg° by Mn/Mo/Ru/Al,O3 membrane reached 95% at 423
K. The influence of NO and SO, on Hg" removal were
insignificant even if 200 ppmv NO and 1000 ppmv SO,
were used. Moreover, compared with the TCO mode, the
Mn/Mo/Ru/Al,O; membrane catalytic system could
remarkably reduce the demanded amount of oxidants for
Hg° removal. Therefore, the Mn/Mo/Ru/Al,O3 membrane
catalytic system may be a promising technology for the
control of Hg" emission.

Keywords flue gas, elemental mercury, membrane,
catalysis, transition metal

1 Introduction

Mercury removal from coal-fired flue gas has become a
topic with increasing legislative and scientific interest [1].
In coal-derived flue gas, there are three basic forms of
mercury: elemental mercury (Hg®), oxidized mercury
(Hg*") and particle-bound mercury (Hg,) [2]. Hg, can be
captured by electrostatic precipitators (ESPs) and fabric
filters (FFs). Hg>" is soluble in water and readily captured
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by the wet flue gas desulfurization (WFGD) equipment [2—
5]. Hg? is volatile and insoluble in water, and thus, it is
poorly captured using conventional control technologies [6].

There exist some potential approaches to enhance Hg°
removal from coal-fired flue gas. Injection of proper
oxidants into flue gas is an effective way to enhance the
conversion of Hg to Hg>". Then, the formed Hg** can be
removed by the ESPs or FFs. So far, most of the existing
research focuses on the oxidization of elemental mercury at
high temperature, especially at > 523 K [7-11]. However,
there are some problems in the application of traditional
catalytic oxidation technology (TCO), such as the deposi-
tion of dust [9] and the poisoning of SO, and NO.
Therefore, the catalysts may be installed downstream the
ESPs or FFs in order to obtain higher efficiency of Hg’
removal, where the temperature is about 423 K [12].

Some transition metal oxide catalysts, (for example
manganese oxide), showed an excellent activity for Hg°
oxidization at high temperatures [6,9,13]. However, most of
them showed a poor activity for Hg® oxidization at low
temperatures. Furthermore, the presence of SO, showed a
serious interference with Hg® oxidization at low temperatures.

In this work, a unique membrane catalytic system (MCs)
with HCI as the oxidant precursor was employed to improve
the removal of Hg® from flue gas at low temperature. MnO»/
Al,O5; was employed as the main catalytic components of
the MCs for Hg° removal. Then, the transition metals of Mo
and/or Ru were introduced into the MnO,/Al,O; membrane
to improve the conversion efficiencies of Hg’ to Hg".
Furthermore, the TCO mode using Mn/Mo/Ru/Al,Oj as the
catalyst was studied as a comparison.

2 Experiment
2.1 Experimental assembly

The MCs assembly used for Hg® removal is shown in Fig.
1. It consisted of a self-made mercury permeation device
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[14,15], a membrane reactor, an online cold vapor atomic
adsorption spectrophotometry (CVAAS), a gas preparation
system and an activated carbon catcher. The self-made
mercury permeation device was immersed in a tempera-
ture-controlled oil bath, which was maintained at the
demanded temperature (£0.1°C), to provide a stable
concentration of gaseous Hg’ at a given temperature.
During the test, the reactor was placed in a temperature-
controlled electric furnace (SK2-1-10, Shanghai Yifeng
Co. Ltd., China) which maintained the reaction tempera-
ture at the desired temperature within a range of 1°C. The
activated carbon catcher was used to capture gaseous Hg’
and mercury compounds in the outlet of the reactor.

The membrane reactor consisted of a quartz tube (360
mm in length with an inner diameter of 16 mm) and a
tubular ceramic membrane mounted coaxially. The inlet
(Co) or outlet (C) concentration of Hg® was determined
online using a CVAAS (SG-921, Jiangfen Ltd., China).
The compressed air or N, was employed as the carrier gas
to transport Hg” vapor. If HCI was injected at port 1, the
assembly was a typical MCs process. If HCI was injected
from port 2, the process can be regarded as the TCO mode.

2.2 Catalyst preparation

The MCs employed a porous ceramic tube (pore diameter
of 5 um, inner diameter of 8 mm, outer diameter of 12 mm,
Brunauer-Emmett-Teller (BET) surface of 4.1m?-g',
length of 50 mm. Hefei Great Wall Co. Ltd., China) as the
membrane material, which was also used as the carrier of
catalysts. The catalysts were prepared by wet impregnation
method with the aqueous solution of manganese nitrate
(50 wt.%) as a precursor. The amount of manganese oxide
loaded on Al,O3 was about 8 wt.%. The amounts of Mo
and Ru incorporated into MnO, were about 1.5 wt.% and 1

a—— ceramic membrane b —— quartz tube

¢ — 3-way valve d—oil bath

¢ — temperature-controlled oven

Hg permeation
device

wt.%, respectively. The catalysts prepared by wet impreg-
nation method were expressed as Mn, Mo, Ru, Mn-Mo,
Mn-Ru, and Mn-Mo-Ru catalysts. All chemicals used for
the catalyst preparation, including the precursors of
MH(NO3)2, (NH4)6M07024 . 4H20 and RuCl3 . 3H20,
were of analytical grade and purchased from Sino-pharm
Chemical Reagent Corp., China.

2.3 Performance evaluation

The experiments were performed in the MCs at 423 K with
the simulated flue gas containing SO,, NO and/or HCI. The
total flow rate was 25.0 L-h™'. The flow rates of SO, and
NO were all set at 2.0 L-h™" except HCI, which had a flow
rate of 1.0 L-h™', and the operation time was 4 h. First, the
capacity of catalysts for Hg® adsorption was investigated.
Then, the removal of Hg® was studied in the presence of 8
ppmv HCIL. At last, the influence of SO, and/or NO over
the MCs was also investigated.

2.4 Characterizations

The contents of Mn, Mo, and Ru in the catalysts were
quantified by a flame atomic absorption spectrometry
(AAS, KLAS-1000CA, Kwicklink Chemical Co., Ltd.,
UK). The content of Hg on the surface of catalysts was
analyzed with an RA-915 Mercury Analyzer (Lumex Ltd.,
Russia). The BET surface area was determined using a
nitrogen adsorption desorption apparatus (ASAP 2010 M
+ C, Micromeritics Inc., USA). All the samples were
degassed at 423 K prior to BET measurements. The X-ray
diffractometer (XRD, D/max-2200/PC, Rigaku Corp.,
Japan) was recorded between 20° and 80° at a step of
5°-min™' operating at 40kV and 20 mA using Cu Ka
radiation. An X-ray photoelectron spectroscopy (XPS,
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Fig. 1 Experimental scheme of the MCs
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PHI-5000C ESCA, PHI Corp., USA) with Mg Ka (hv=
1253.6 eV) as the excitation source was used to determine
the binding energies (BE) of Mn, Mo, Ru, and Hg. The C
Is peak at 284.6eV was taken as a reference for the
binding energy calibration. The morphology of the
catalysts was observed using a field emission scanning
electron microscope (FE-SEM, SIRION 200, FEI Corp.,
USA), operating in backscatter mode at 20 kV accelerating
voltage. An energy dispersive X-ray spectrometer (EDX,
INCA, OXFORD Corp., UK) was used to examine the
distribution of doped metal element on the surface of the
catalysts.

Hydrogen temperature programmed reduction (H,-TPR)
was performed on a chemisorption analyzer (TP-5000,
Tianjin Xianquan Co. Ltd., China) under a 4.9 vol% H,/Ar
gas flow (30mL-min™") at a rate of 10°C-min"' from
150°C to 650°C. Before the test, the samples (50 mg)
were firstly pretreated in a flow of 20vol% O,/Ar
(30 mL-min") at 450°C for 30 min to remove water and
carbonates from the surface.

2.5 Mass balance analysis

After HCI was used, the speciation of Hg over the MCs
mainly included effluent oxidized mercury (Hg>"-out),
effluent elemental mercury (Hg’-out) and adsorbed
mercury on the spent catalysts (mainly oxidized mercury,
Hg?"-ad). Fresh catalysts after catalytic oxidation at 423 K
were used to analyze the speciation of Hg. Meanwhile, Hg
sampling and analysis were carried out according to the
Ontario Hydro Method (OHM).

The operation of OHM was stated as follows: The Hg?"-
out was collected in the first three impingers containing
chilled aqueous potassium chloride solution (1 mol-L™
KCI), because the oxidized mercury was water soluble.
The Hg’-out was collected in subsequent four impingers.
The first impinger was filled with chilled aqueous acidic
solution of hydrogen peroxide (10% (v/v) H,O, and 5% (v/
v) HNOj). The other three impingers were filled with
chilled aqueous acidic solutions of potassium permanga-
nate (4% (w/v) KMnO, and 10% (v/v) H,SOy). The Hg’-
out was firstly oxidized into the oxidized mercury and then
trapped in the solution. A schematic of the OHM can be
found elsewhere [16].

The concentrations of Hg*"-out and Hg’-out in the
effluent gas were recovered, digested and analyzed with
the CVAAS. The content of Hg>"-ad was analyzed with the
RA-915 Mercury Analyzer. The CVAAS system was made
up of a light source, two quartz pipes, a photodiode and a
data transition and acquisition device. A low-pressure
mercury lamp was used as the 253.7 nm UV light source,
which could be absorbed by Hg® vapor. Two quartz pipes
were oppositely installed at the outlet of the reactor, which
allowed the UV beam to pass them efficiently. After the
optical assembly, the UV beam was divided into two parts.
One was used as the reference and the other as the monitor.

As the UV beam passing through the quartz pipe, the
variation of the UV beam intensity was detected and
converted into the electrical signal by a photodiode. And
then the signal was collected with a data transition and
acquisition device (N2000, Zhejiang Zhida Co. Ltd.,
China) and stored in a computer. Thus, the concentration
of Hg’-out was measured in situ, with the capability of a
time resolution of 20 ms.

The oxidized mercury contained in the KCl impinger
was analyzed using acidic 0.5mol-L™" Sn(Il)-chloride
solution as a reducing agent to reduce Hg*" to Hg°.
Subsequently, the mercury-laden solution was purged with
a carrier gas (air) into the CVAAS, where the maximum
amount of mercury was detected, analyzed and recorded.

3 Results and discussion
3.1 Characterization of catalysts

XRD patterns of synthetic catalysts are shown in Fig. 2.
Their characteristic reflections mainly corresponded to the
standard card of MnO, (JCPDS 24-0735). Meanwhile, the
peaks corresponding to Mn,O3 can also be observed [17].
Furthermore, the peaks centered at 23.12° and 51.32° were
assigned to MoO; (JCPDS 47-1081), and the peaks
centered at 26.04° and 53.76° were assigned to MoO,
(JCPDS 50-0739). As shown in Fig. 2(b), the characteristic
peaks of the ruthenium at 26 = 28.01° (hardly shown) and
35.05° (overlapped by the peaks of Al,O3) indicated that
they were attributed to RuO, (JCPDS 40-1290 and 43-
1027).

The pore size, the BET surface area (Sggr) and surface
atom concentrations of the catalysts were tested and listed
in Table 1. It shows that both Sggt and pore size of the
catalysts decreased after the wet impregnation.

3.2 Hg® adsorption

The adsorption of Hg® on the MCs at 423 K (in the absence
of HCI and SO,) is shown in Fig. 3. Figure 3 shows that
Mo catalyst had the worst adsorption ability for Hg®, and
the removal efficiency of Hg’ over Mn catalyst was only
20%. Furthermore, the removal efficiency of elemental
mercury over Mn catalyst obviously increased due to the
incorporation of Mo and/or Ru.

Figure 3 also shows that the removal efficiency of
elemental mercury by Mn catalyst under N, atmosphere
(8%) was much less than that under air atmosphere (16%).
It indicates that elemental mercury adsorption on Mn
catalyst was promoted due to the presence of O,.

3.3 Performance of Hg® conversion

Conversion efficiency of elemental mercury over various
transition metals in the presence of 8 ppmv HCI is shown
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Fig. 2 X-ray diffraction patterns (a) Mn catalyst and (b) Mn-Mo-
Ru catalyst

in Fig. 4. It shows that elemental mercury conversion over
Mn-Mo-Ru catalyst (conversion efficiency of 61% at 423
K) was much higher than those of others. On the catalysts
of Mn, Mn-Mo, Mn-Ru, and Mn-Mo-Ru, mercury (II)
chloride accounted for 62.8%, 71.4%, 90.6%, and 93.4%,
respectively. It indicates that the ratio of mercury (II) to the
removed mercury on Mn catalyst increased after the
addition of transition metals, which may results from the
promotion of the conversion of HCI to CI/Cl, through the
Deacon reaction [7].

Table 1 Composition and properties of different catalysts
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According to previous studies, the Deacon reaction was
the predominant pathway for Hg oxidation through the
combination of Hg’ and active chlorine ([Cl]", derived
from HCI) in the presence of metal catalysts [18,19].
Although gaseous Cl, can react with gaseous Hg® in the
gas phase to form Hg?*, Cl atom is the active intermediate
[7,20]. Namely, Cl atom is a much stronger oxidizing agent
over HCl because of the difference of their valence electron
configurations. This will result in the difference of affinity
for Hg” [15,21]. However, it is difficult to determine in situ
the yield of atomic chlorine of [CI]* produced from the
Deacon reaction at test conditions.

To further confirm the effect of the Deacon reaction on
Hg° conversion and the improvement of transition metals
on the Deacon reaction, the test employed 0.5 ppmv Cl, as
oxidants. Noticeably, the concentration of Cl, used is equal
to the amount of Cl, produced from the Deacon reaction
with 8 ppmv HCI. As shown in Fig. 5, the mean
efficiencies were below 50% when Cl, was used as a
substitute for HCI. The result effectively validates the
effect of transition metals on the conversion of Hg? in the
MCs. Compared Fig. 4 with Fig. 5, it is clear that the
transition metals played a key role in the conversion of HCI
to [CI]", and this can be used to partly explain the reasons
why the efficiencies were significantly increased with Mn-
Mo-Ru catalyst.

3.4 Retainability influence of HCI

Our previous studies demonstrated that the penetration
process of HCl in the membrane material had an important
effect on the Deacon reaction [3]. To investigate the
influence of penetration process of HCI on the conversion
of Hg and the activation of HCI, the variation of Hg’
removal was tested at different injection conditions of
oxidants (MCs mode, HCl injected from port 1).
Simultaneously, TCO mode (HCI injected from port 2)
was conducted as a comparison.

As shown in Fig. 6, the Hg® concentration dropped
quickly with the injection of HCI, and it became stable
within 120 min in the MCs and 300 min in the TCO mode.
However, the removal of Hg° increased quickly when the
injection of HCI1 was stopped in the TCO mode. Compared
curve a with curve b in Fig. 6, it indicates that the

surface atom concentrations obtained by AAS or EDX/%

pore diameter/

2 —1
catalysts Sprr/(mtg ) cl 0 Mn Mo Ru O/Mn wm
virgin tube 4.1 - 46.2 - - - - 4.7
Mn 1.4 - 40.8 8.1 - - 5.0 1.9
Mn-Mo 15 - 41.0 8.0 175 - 5.1 1.6
Mn-Ru 2.1 NA 412 8.1 - 0.9 5.1 1.7
Mn-Mo-Ru 13 NA 419 8.0 1.64 0.8 53 13

Note: NA, not available
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Fig. 4 Removal efficiencies of Hg0 with the catalysts doped with
various transition metals, at 423 K, [HCI] = 8 ppmv, [SO,] =0, C,
was about 23.5 ppbv, and air was used as carrier gas

membrane material loaded with transition metals had
obvious retainability for HCI, which could keep higher
removal efficiencies for Hg’ in the MCs mode after the
injection of HCI was stopped.

The measurement result of escaped HCI showed that the
concentration of escaped HCI was less than 1 mg-m>. It
indicates that most of injected HCl were retained in the
membrane material. Part of the retained HCI was converted
to Cl,. Therefore, the injection of HCl could be
intermittently operated in practice (e.g., every 3—4h) in
the MCs, so that the utilization of HCl was higher and its
escape into flue gas could be minimized.

Moreover, the analysis of mercury speciation showed
that the proportion of mercury (II) chloride on the surface
of the catalysts in the TCO and MCs were 54% and 91%,
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Fig. 5 Influence of Cl, on HgO removal with Mn-Mo-Ru catalyst,

at423 K, air as carrier gas, Cy was about 23 ppbv, [Cl,] = 0.5 ppmv,
[SO,]=[HCI] =0
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Fig. 6 Influence on Hgo removal with intermittent injection of
HCl in the MCs and the TCO mode, [HC1] = 8 ppmv, C, was about
23 ppbv, air as carrier gas, [SO,] = 0, Mn-Mo-Ru as catalyst, 7 =
423K

respectively. It further validated the effect of the mode of
mass delivery on the Deacon reaction in the MCs.

3.5 Influence of SO,

Previous studies demonstrated that SO, had an obvious
interference with the removal of Hg® in coal-fired flue gas
[3,5,12]. Because the concentration of SO, in the test was
much higher than that of Cl, or [CI]", the inhibitory effect
of SO, against Hg® removal was possibly due to the
irreversible reaction between adsorbed SOy(,q) and Cl, or
[CI]” [18,22]. The decrease of active species of chlorine
caused the decline of the combination of Hg,q, and [CI]".
Simultaneously, HgSO, could form in the presence of SO,
and was too tightly adsorbed on the surface of the catalysts
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Fig. 7 Influence of SO, on the removal for Hgo, Cy was about 23 ppbv, air as carrier gas, 7 =423 K

to escape along with flue gas, which hampered the
adsorption of the catalysts for Hg’, resulting in the decline
of Hg’ removal. Consequently, a high sulfur—chlorine ratio
inhibited the formation of Cl, or HgCl,.

To understand the performance of the MCs at test
conditions, the inhibition of SO, against the removal of
Hg® was investigated with various concentration of SO, at
423 K, and the results were shown in Fig. 7. As shown in
Fig. 7(a), the inhibition against Hg® removal was obvious
when SO, was introduced, and the removal efficiency of
elemental mercury by Mn-Mo-Ru catalyst declined from
40% to 29%. The removal efficiency of Hg® decreased by
14% from 95% with 8 ppmv HCI to 81% after 1000 ppmv
SO, was used, as shown in Fig. 7(b). It demonstrates that
the presence of SO, showed an obvious interference with
Hg° removal by Mn-Mo-Ru catalyst in the presence of
HCL
3.6 Influence of NO
It has been reported that NO showed an obvious influence
on Hg® oxidation by gas-phase reactions [20,23,24].
However, much research have manifested that its effect
was insignificant on the heterogeneous catalytic reaction
[2,25-27]. Generally, the concentration of NO in flue gas
ranges 100—-1000 ppmv [28]. Since the De-NO, utilities are
usually installed upstream of the flue gas equipments,
including the MCs, the inlet concentration of NO in the
MCs would be low. The effects of NO on elemental
mercury removal were investigated with the air as the
carrier gas. The results were shown in Fig. 8.

Compared column a with column b in Fig. 8, it can be
seen that the influence of NO on Hg’ removal was
neglectable in the absence of HCI, even if the concentra-
tion of SO, reached 1500 ppmv. However, the Hg® removal
efficiency slightly increased with the increase of NO in the
presence of HCI, even if the concentration of SO, reached

1500 ppmv (columns ¢ and d in Fig. 8). Compared with the
influence of SO, on the removal of Hg’, Fig. 8 shows that
the addition of NO had a weak promotion on sulfur-
tolerance (list in Table 2). However, the promoted
influence on Hg® removal was neglectable [2,26].

During elemental mercury oxidization over metal
catalysts, [CI]" (or HCl,q) may react with NOgq, to
form unstable [NOCI],qy [29]. Then Hg(,q) reacted with
[NOCl](nq) to form HgCl,q), resulting in the conversion of
Hg° to oxidized Hg. This mechanism was similar to that of
SO..
3.7 Reducibility
H,-TPR profiles of Mn and Mn-Mo-Ru catalysts are
illustrated in Fig. 9. Figure 9(a) shows two H,-consump-

| __1(S0,]1=500 ppmv  [T__][SO,] = 1000 ppmv
10 - I [SO:] = 1500 ppmv {
4
oS g6
04}
0.2H
0.0 AN NEN Al

a b c d
test conditions

Le]

Fig. 8 Influence on Hgo removal with various concentration of
SO, (a, [HCI] =[NO] = 0; b, [HCI] = 0, [NO] = 100 ppmv; ¢, [HCI]
= 8 ppmv, [NO] = 0; d, [HCI] = 8 ppmv, [NO] = 100 ppmv; and e,
[HCI] = 8 ppmv, [NO] = 200 ppmv. Air was used as carrier gas,
Mn-Mo-Ru as catalyst, 7= 423 K, C, was about 23.2 ppbv)
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Table 2
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Influence of NO on sulfur-tolerance with Mn-Mo-Ru catalyst and 8 ppmv HCl

concentration of SO,

removal efficiencies of Hg"/%

[NO]=0 [NO] = 100 ppmv [NO] = 200 ppmv
500 88.9 91.7 95.3
1000 80.5 83.3 86.8
1500 70.9 71.9 72.6
638 K
660 K
S5=2880
780 K
= = §=315
= =
.20 o0
@ @ |§=275 §=320
20K, 840 K
T T n T T T It 1 L 1 N 1 " Il L Il " 1 " 1 2 1 L 1
450 500 550 600 650 700 750 800 500 600 700 800 900
temperature/K temperature/K
(a) (b)

Fig. 9 TPR profiles and the peak results (a) Mn catalyst, (b) Mn-Mo-Ru catalyst (dash is fitted results), symbol S denotes the area of

corresponding reduction peak

Table 3 Results of H2-TPR profiles of Mn and Mn-Mo-Ru catalysts

maximum reduction temperature/K

ratio of Mn**/Mn>* ratio of Mn**/Mn>*

catalysts

Ml‘l02 — Mn203 Ml’l203 — Ml’l304 MOO3 — M002 Ru02 — Ru of TPR data of XPS data
Mn 638 739 - 1.77 1.63
Mn-Mo-Ru 660 780 520 2.79 2.52

tion peaks for Mn catalyst, which corresponded to the two
reduction steps of MnO,. The peak at 638 K was assigned
to the reduction of MnO, to Mn,03, and the peak at 739 K
was attributed to the reduction of Mn,O; to Mn;O,4
[30,31]. As shown in Fig. 9(b), H,-TPR profile of Mn-Mo-
Ru catalyst revealed four peaks. The peak at 840 K may be
ascribed to the reduction of MoO5 to MoO, [32].

Based on the present test and previous results [33],
RuCl; can be oxidized on the surface of the catalysts by the
air at room temperature. Moreover, the color variation of
the catalysts indicated the substitution of chloride into an
oxide. Thus, the peak at 520 K can be attributed to the
reduction of RuO, to Ru [33,34].

Compared with that in Fig. 9(a), H,-consumption area of
the reduction of MnO, to Mn,O3; (named areaymo,)
slightly increased, although the peak intensity declined
slightly (shown in Fig. 9(b)). Hp-consumption area of the
reduction of Mn,O3 to Mn3O4 (named areay,o,)
decreased clearly after the incorporation of other metals.
Because H,-consumption area approximately represents

the reducible amount of Mn, the variation of the ratio of
Mn*" to Mn*" on the surface of catalysts can be got from
the areanno, and areayy, o, (shown in Fig. 9). As shown in
Table 3, the ratio of Mn** to Mn** increased from 1.77 to
2.79.

3.8 XPS

Surface information on the membrane catalyst was
analyzed by XPS, and the XPS spectra over the spectral
regions of Mn 2p, Mo 3d, O 1s and S 2p were evaluated
(shown in Fig. 10). By comparison with the Mn 2p XPS
spectrum database of the National Institute of Standards
and Technology (NIST) [35], Mn on the catalysts were
determined to be mainly present in the states of Mn (IV)
and Mn (III). Moreover, the ratio of Mn (IV) to Mn (III)
increased greatly after catalytic oxidation under air (shown
in Fig. 10(b)). This result was consistent with the results of
TPR profile (shown in Table 3). It suggests that the reduced
Mn (IV) could be completely regenerated under air.
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Fig. 10  XPS spectroscopes of Mn 2p, Mo 3d, Ru 3d, Hg 4f and S 2P (dash is fitted results) (a) Mn 2p, N, as carrier gas; (b) Mn 2p, air as
carrier gas; (c) S 2p, air as carrier gas; (d) Mo 3d, air as carrier gas; (¢) Ru 3d, air as carrier gas; (f) Hg 4f, air as carrier gas. Mn-Mo-Ru catalyst
was used, Cy was about 15-20 ppbv, [HCI] = 8 ppmv, [SO,] = 1000 ppmv

The Mo 3d peaks centered at 232.5, 235.8, and 230.8 eV,
were attributed to Mo (VI) and Mo (IV), respectively. The
BEs of ruthenium and oxygen (Ru 3ds,, at 280.7 eV, and O
Is at 529.7 eV) were the characteristic of polycrystalline
RuO; [36]. The result was identical in the fresh and used
catalysts and consistent with previous studies [33].

On the basis of the result of S 2p XPS (Fig. 10(c)) and
combined with the spectra of Hg 4f (Fig. 10(f)), it can be
confirmed that Hg specie was assigned to HgSO, (BE
168.7 eV) after HCI was used by the NIST XPS database
and pervious literatures [35].

3.9 Mass balance

To validate the removal efficiencies of the MCs for Hg’
removal, the mass balance of mercury was carried out
using the OHM method. The operation parameters were
similar to that of Hg® conversion in the presence of only
HCI in this study. The input Hg® concentration was
continuously measured for at least two days prior to each
adsorption experiment to ensure a constant Hg° input
concentration. Three replicate tests were conducted to
analyze the speciation of Hg after HCI was used, and the
results were shown in Fig. 11.

As shown in Fig. 11, the mass balance of three replicate
tests was all in a reasonably acceptable value of 93%—

103% (mean value of 34 pg). The removal efficiency of Hg
was determined by the amount of Hg*"-ad and Hg*™-out.

As shown in Fig. 11, the mean percentage of Hg”"-ad
and Hg?"-out in three tests was 14% and 78%, respec-
tively, with the mean removal efficiency of 93.4%, which
further validated that the MCs had higher conversion
efficiency for Hg® at low temperature. It indicates that most
of adsorbed mercury on the surface of the catalysts was

100F  inlet Ilg"[ g
O R T 1 &
£ 80f 5
b= =
a )
X E
i =]
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S 40- M Hg’ -ad =
= He-out 5
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20 [ Hg"out £
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Fig. 11 Mercury speciation results of three replicate tests, Mn-

Mo-Ru was used as catalyst, Cy was about 23 ppbv, [HCI] = 8
ppmv, [SO,] =0, T=423K
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oxidized mercury in the presence of HCI, with the mass
balance of 92%+44%. These results were consistent with
the conversion analysis of Hg°.

4 Conclusions

The conversion of Hg® to Hg®' using the membrane
catalytic technology at 423 K was investigated. The higher
conversion of Hg® was realized over the membrane
material loaded with transition metals of Mn, Mo, and
Ru. The test results show that the removal efficiencies of
Hg" over Mn-Mo-Ru catalyst reached 95% in the presence
of 8 ppmv HCL. The influence of NO and SO, on Hg’
removal was insignificant. The mass balance analysis of
Hg indicated that most of adsorbed mercury on the surface
of the catalysts were oxidized mercury in the presence of
HCI. The transition metals of Mn, Mo, and Ru played a key
role during the process of removal and conversion of Hg®.
Moreover, Mn-Mo-Ru catalyst had excellent performance
for the conversion of the Deacon reaction.

Compared with the TCO mode, the membrane catalytic
technology appears to be a potential and novel mode for
the conversion of Hg® in coal-fired flue gas.
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