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H I G H L I G H T S

• 15%CoMn/BAC exhibited preferable
performance for NO and Hg0 simulta-
neous removal.

• 15%CoMn/BAC displayed excellent
SO2 and H2O resistance.

• The introduction of Co species into
Mn/BAC could tremendously modify
its physicochemical properties.

• The positive synergistic effect between
MnOx and CoOx was achieved.

• The mutual effects of NO removal and
Hg0 removal were investigated.
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A B S T R A C T

A series of CoOx modified MnOx/biomass activated carbons (CoMn/BACs) prepared by the ultrasound-assisted
impregnation method were employed for the simultaneous removal of NO and Hg0 from simulated coal-fired flue
gas for the first time. The physicochemical properties of such samples were characterized by XRD, BET, SEM,
TEM, NH3-TPD, H2-TPR, FTIR, TG and XPS. 15%CoMn/BAC exhibited preferable performance for NO and Hg0

removal in a wide temperature range from 160 to 280 °C, and it yielded prominent NO removal efficiency
(86.5%) and superior Hg0 removal efficiency (98.5%) at 240 °C. The interaction between NO removal and Hg0

removal lessened corresponding separate efficiency, the adverse effect of NH3 on Hg0 removal could not be offset
by promotional influences of NO and O2. Compared with 15%Mn/BAC, the addition of CoOx with suitable
amount into 15%CoMn/BAC could contribute to the synergistic effect between MnOx and CoOx, resulting in the
increase of BET surface area and surface active oxygen species as well as Mn4+ concentration, the enhancement
of redox ability and the strength or amount of surface acid sites, restraining the crystallization of MnOx, which
might be responsible for the improvement of catalytic performance and resistance to SO2 and H2O. Additionally,
the hydrophobic property of BAC further strengthened H2O tolerance. The results of stability and recyclability
tests indicated that 15%CoMn/BAC possessed a promising application potential for NO and Hg0 simultaneous
removal at low temperature.
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1. Introduction

NO and Hg0 emissions emitted from coal combustion have triggered
tremendous attention worldwide due to their marked quantities and
adverse effects on the environment and human health [1–5]. To re-
spond to these increasing environmental awareness and rigorous
emission regulations and standards, a wealth of technologies for sepa-
rately lessening NO and Hg0 emissions have been developed [2,6,7].
Among which, selective catalytic reduction with NH3 (NH3-SCR) has
long been the predominant mature technology for NO abatement due to
its acceptable cost, satisfactory reliability and efficiency, where V2O5-
WO3(MoO3)/TiO2 is the commonly utilized commercial catalyst [8].
Nevertheless, vanadium-based SCR catalyst suffers from some non-
negligible shortages such as biological toxicity and volatility of vana-
dium species, the over-oxidation of NH3, the narrow active temperature
range of 300–400 °C, and the infaust conversion of SO2–SO3 [9].
Moreover, the narrow active temperature window of aforesaid catalyst
urges the SCR system to be installed upstream of the desulfurization
unit and dust remover device where catalysts are susceptible to SO2 and
dust [10]. It is well-known that mercury exists in three forms in coal
combustion flue gas. Thereinto, oxidized mercury (Hg2+) and particle-
bound mercury (Hgp) can be easily captured by the existing wet flue gas
desulfurization (WFGD) and electrostatic precipitator (ESP) or fabric
filter (FF) systems, while Hg0 emission is relatively untoward to be
alleviated by existing environmental protection apparatuses owing to
its insolubility in water and high volatility [11]. By far, activated
carbon injection (ACI) is the commercially commonly adopted tech-
nology for controlling Hg0 emission [2,12]. However, some inevitable
shortcomings are related with the ACI technology, which consists of
low adsorption efficiency at high temperature, slow regeneration rates,
huge operating costs, the value decline of reclaimed fly ash, and po-
tential secondary contamination caused by spent ACs [5,12,13]. Fur-
thermore, nowadays the respective control Hg0 and NO technology is
widely adopted in coal-fired power plants, confronting several in-
tractable bottlenecks such as huge land requirement, large equipment
investment, high operating and maintaining costs [2,5].

It is recognized that vanadium-based SCR catalyst not only exhibits
outstanding denitration efficiency but also shows the co-benefit for
boosting the oxidation of part Hg0 to HgO, which can be removed
through subsequent WFGD [1,12]. In addition, relevant statistics
manifested that with 2-year operating time and 55% Hg removal effi-
ciency, the cost through catalytic oxidation technology was only 60% of
that though ACI technology [14]. Therefore, compared two Hg0 re-
moval strategies, catalytic oxidation outperformed ACI in the aspects of
decent durability, relatively low cost, no additional equipment, in-
dicating broad application prospects. However, the conversion from
Hg0 to HgO in low chlorine flue gas was not effective enough by widely
engaged V2O5-WO3(MoO3)/TiO2 catalyst [3,13]. Fortunately, that
provides us a direction for designing novel vanadium-free and low-
temperature catalysts with splendid denitration and demercuration ef-
ficiencies, which can realize the integration of NO and Hg0 abatement
by the existing devices, overcoming the above-mentioned deficiencies.
Thus such catalyst can not only save the land occupation, equipment
investment and operating cost of mercury removal, but also make the
SCR unit be placed downstream of desulfurization unit and dust re-
mover device, thus reducing the energy consumption for heating the
flue gas and alleviating catalyst deactivation from SO2 and dust. Con-
sequently, it is of great significance and urgency to develop efficient
catalysts for NO and Hg0 simultaneous removal at low temperature.

Recently, a battery of catalysts, such as V2O5-CeO2/TiO2,
TiCe0.25Sn0.25Ox, Mn-Ce/MOFs, MnOx/Co0.3Ce0.35Zr0.35O2, CuCl2-
CoOx/TiCe, TiAl10Ce20, have been developed for simultaneous removal
of NO and Hg0 [12,15–19]. Particularly, manganese oxides (MnOx)
with preeminent low temperature performance have been a research
focus for NO or Hg0 removal owing to high oxygen storage/release
capacity, the nature of labile oxygen, diversiform oxidation states and

outstanding redox properties as well as abundant reserves, cheap price
and environmental friendliness of Mn species [6,9,20,21]. It was en-
visaged that Mn4+ was the most active species and the valence change
from Mn4+ to Mn3+ and therewith to Mn2+ in Mn-based catalysts was
the possible mechanism for both Hg0 oxidation and NO reduction, in
which the multiple valences and large-span valence change of Mn
species should be responsible for perfect low temperature request
[3,7,21,22]. Nevertheless, poor resistance to SO2 and H2O, low specific
surface area and thermal instability remained intractable challenges for
some MnOx-based catalysts especially unsupported MnOx catalysts,
impeding their actual applications [9,13]. Zhang et al. discovered that
both NO and Hg0 removal efficiencies over MnOx/TiO2 catalysts were
remarkably suppressed by SO2, and Hg0 removal efficiency sharply
decreased from 63.4% to even 5% after adding 400 ppm SO2

[13,23,24]. Therefore, it is imperative to improve SO2 and H2O re-
sistance of such Mn-based catalysts before they can be widely adopted
as commercial catalysts for NO and Hg0 simultaneous removal.

Likewise, Co-based catalysts have obtained a great deal of interests
in catalysis due to unique redox properties, advantageous morphology
characteristics and high bulk oxygen species, and they can exhibit good
activity for NO reduction, VOCs and Hg0 oxidation [11,25–27]. Ad-
ditionally, previous works reported that the addition of Co oxides into
Mn species could dramatically improve NO and VOC removal effi-
ciencies compared with those of single Mn and Co oxides, which was
attributed to the enhancement of active oxygen species and redox
property derived from the strong interaction of Mn and Co species
[11,26,27]. Thus, it was sensible to deduce that Co-modified Mn-based
catalysts might show satisfactory performance for NO and Hg0 si-
multaneous removal. Even so, few reports have concentrated on si-
multaneously removing NO and Hg0 over such catalysts, including the
tolerance to SO2 and H2O in that processes [13]. What’s more, the
negative effect of H2O on low temperature catalytic activity over such
catalysts was usually neglected [4]. On the contrary, we discovered that
carbon-based catalysts with carriers like AC and BAC often exhibited
good H2O resistance in our previous works [2,5], which might be due to
the hydrophobic property of carbon materials [28,29]. To the best of
our understanding, CoOx modified MnOx/BAC for Hg0 and NO si-
multaneous removal has not been related to in literature, in which the
synergistic effect between CoOx and MnOx might contribute to the en-
hancement of catalytic performance and resistance to SO2 and H2O.
Therefore, a series of tests are conducted to investigate the role of CoOx

in CoMn/BAC catalysts on the performance and resistance to SO2 and
H2O for Hg0 and NO simultaneous removal in this work.

2. Materials and methods

2.1. Sample preparation

Agricultural straws were gathered from the countryside area of
Xinyang city, Henan Province, PR China. The preparation methods of
BAC carrier were described in detail in our previous work [2]. The
catalysts were prepared by ultrasound-assisted impregnation method
adopting manganese acetate or cobalt nitrate as the precursors of active
ingredients. The first step was to measure the water adsorption capacity
of BAC carrier. Second, desired amounts of manganese acetate or cobalt
nitrate were added into moderate deionized water to form completely
dissolved solutions. Third, calculated amounts of BACs were im-
pregnated in aforementioned solutions for 24 h, including ultrasound
treatment of 1 h. Therewith, the impregnated samples were placed in a
drying oven of 105 °C until completely dry and calcined at 500 °C for
4 h in a tube furnace with N2 atmosphere. The atomic ratio of Co/Mn
was 1:2 in all CoMn/BAC samples, which was selected due to its pre-
ferable performance in our preliminary experiments. Thus, modified
BAC catalysts were denoted as XCoMn/BAC, where X was ascribed to
the mass percentage of CoMn complex oxides, which was respectively
assigned a value of 7.5%, 15%, 22.5% and 30% in this work.
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Meanwhile, XCo/BAC and XMn/BAC as well as virgin BAC were pre-
pared by the similar method for comparison.

2.2. Sample characterization

The textural characteristics of samples were measured using N2

adsorption/desorption at −196 °C by an automatic Micromeritics
ASAP2460 volumetric sorption analyzer (Micromeritics Instrument
Corp., USA). Before formal test, each sample was degassed at 120 °C for
3 h in a flow of N2. The pore size distributions and specific surface areas
were determined by Barrett-Joyner-Halenda (BJH) and Brunauer-
Emmett-Teller (BET) method, respectively. Thus, the results of average
pore diameters, total pore volumes and specific surface areas were ac-
quired.

Samples’ scanning electron microscopy (SEM) photographs were
taken by the Hitachi S-4800 analyzer (Hitachi Limited, Japan) to ana-
lyze their surface structure and morphology. Transmission Electron
Microscope (TEM) images were carried out on the Tecnai G2 F20 (FEI,
USA) to further observe their microstructures.

The component dispersivity and crystallinity of the samples were
collected on a Bruker D8-Advance X-ray diffraction device, which was
equipped with Cu Ka radiation (λ= 1.543 Å, 40 kV, 40mA).

Ammonia-temperature programmed desorption (NH3-TPD) and H2-
temperature programmed reduction (H2-TPR) were performed using
the TP-5080 automatic chemical adsorption instrument (Tianjin
Xianquan, China).

The element chemical state and chemical composition of virgin
BAC, fresh 15%Mn/BAC, fresh and used 15%CoMn/BAC were in-
vestigated by a K-Alpha 1063 X-ray photoelectron spectrometer
(Thermo Fisher Scientific, USA) using Al Ka radiation of 72W.

The surface adsorbed species of 15%CoMn/BAC after different re-
actant molecules adsorption were detected by FTIR experiments using a
FTIR IRInfinity-1 spectrometer. Prior to formal test, the sample was
pretreated under N2 for 2 h to wipe off possible adsorbed species at
260 °C. Whereafter, corresponding adsorption tests were carried out for
1 h at ambient temperature.

Thermogravimetric (TG) analysis was carried out with a DTG-60
thermal analyzer (Shimadzu, Japan) in a N2 atmosphere with a heating
rate of 10 °C/min to investigate the thermal stability of fresh and used
15%CoMn/BAC and 15%Mn/BAC.

2.3. Experimental setup and procedure

The experimental apparatus diagram for NO and Hg0 simultaneous
removal was shown in Fig. 1. The simulated flue gas (SFG) with a total
flow of 500mL/min was composed of 500 ppm NO, 500 ppm NH3,
100 μg/m3 Hg0(g), 6% O2, and N2 as the balance gas. Other gas com-
positions were supplied when needed. NO, NH3, SO2, N2 and O2 were
from corresponding cylinders and accurately controlled by matched
mass flow controllers. Before entering the reactor, these gases inter-
mingled with each other in a gas mixing equipment. Prior to formal test,
the blank test of the experiment system was carried out to inspect the
effects of the reactor and pipes on NO and Hg0 removal until the system
became steady and their effects were negligible. In each test, 200mg
sample corresponded to a space velocity of about 180,000 h−1 was
placed in the central part of the fixed bed reactor which was composed
of a quartz tube (10mm inner diameter× 600mm length) and a digital
temperature controller. In order to distinguish the outlet mercury spe-
ciation, a mercury conversion test was performed, as described in our
previous works [2,5]. In which the outlet flue gas from the reactor had
two freely switching branches, one got through 10% KCl aqueous so-
lution to eliminate Hg2+ for remanent Hg0 measurement, while the
other passed 10% SnCl2+HCl aqueous solution to reduce Hg2+ to Hg0

for gauging total mercury (Hgout0 T). The MGA 5 flue gas analyzer
(Germany) and Lumex RA-915M mercury analyzer (Russia) with de-
tection limit of 2 ng/m3 were employed to respectively measure the

inlet and outlet concentrations of NO and Hg0. The performances of
samples on Hg0 and NO simultaneous removal were evaluated by Hg0

removal efficiency (EHg) and NO removal efficiency (ENO), which were
calculated by Eqs. (1) and (2), respectively. Similarly, the oxidation
efficiency of Hg0 (Eoxi) was determined by Eq. (3).
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In which Hg0in and Hg0out represented the inlet and outlet Hg0 con-
centration, respectively. Similarly, the inlet and outlet NO concentra-
tion were respectively denoted by NOin and NOout. In addition, to lessen
the experimental errors, EHg and ENO were the average of two or three
group data of parallel tests and the relative errors were limited to less
than 5%.

3. Results and discussion

3.1. Characterization of samples

3.1.1. BET analysis
The N2 adsorption/desorption isotherms and corresponding pore

size distribution curves of virgin BAC and modified BACs were depicted
in Fig. 2A and B, respectively. All these isotherms were assigned to the
type IV with H3 hysteresis loops, indicating the presence of slit shaped
mesopores [30,31]. The pore size distribution curves all presented
narrow unimodal peaks centered at 2.4 nm, suggesting that both me-
sopores and micropores coexisted in these samples [31,32]. In addition,
the textural parameters such as BET surface area, total pore volume and
average pore diameter of these samples were collected in Table 1. It
could be clearly observed that virgin BAC held bigger surface area
(745.935m2/g) and total pore volume (0.485 cm3/g) than those of
modified BACs. The BET surface area, total pore volume and average
pore diameter of modified BACs decreased with the increase of loading
value of metal oxides. Thereinto, 30%CoMn/BAC owned the smallest
BET surface area of 489.42m2/g, the poorest total pore volume of
0.31 cm3/g and the narrowest average pore diameter of 2.53 nm. That
appearance could be explained by that the pores would be deposited by
metal oxides, and agglomerated metal oxides augmented with the en-
hancement of loading value, thus resulting in more and more of slit-like
pores covered by Co and Mn species [2,5,30]. That was in well agree-
ment with SEM and XRD results. Moreover, it was worth to note that
15%CoMn/BAC exhibited bigger BET surface area and total pore vo-
lume than those of 15%Mn/BAC and 15%Co/BAC, which might be
attributed to the strong interaction between two metal oxides, in which
the addition of Co species into Mn/BAC could promote metal oxides
dispersion and inhibit their agglomeration [33,34].

3.1.2. SEM and TEM analysis
The SEM images of virgin BAC and 7.5%-30%CoMn/BACs were

presented in Fig. 3. The dark smoothness zones belonged to carbon en-
riched areas, while light zones denoted the existence of metal oxides. It
was clearly seen that the pristine surface property of virgin BAC had
suffered from substantial changes due to the introduction of metal
oxides. As shown in Fig. 3B, metal oxides exhibited high dispersion and
only a few agglomerates were observed, however, ubiquitous dark areas
demonstrated the surface of 7.5%CoMn/BAC were not be fully utilized,
where could be covered by additional metal oxides. It was widely re-
cognized that more dispersed active metal oxides were propitious to
better catalytic activity [2,5]. With regard to 15%CoMn/BAC, most
surface areas of which were highly scattered by metal oxides and some
agglomerates appeared, whereas serious agglomerates emerged on the
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surfaces of 22.5%CoMn/BAC and 30%CoMn/BAC. Thus, metal oxide
agglomerates became bigger with the increase of metal oxides loading,
resulting in the destruction of many preexisting pores and the decline of
available catalytic active sites, which had a detrimental impact on both
catalytic activity and the economy. This appearance was in good
agreement with BET results.

Fig. 3 also displayed the TEM photographs of 15%Mn/BAC, 15%Co/
BAC and 15%CoMn/BAC, in which crystalline nanoparticles with
visible lattice fringes were observed. As shown in Fig. 3F, the primary
particle size of 15%Mn/BAC was around 20 nm and three kinds of
lattice fringes of 0.2545 nm, 0.2460 nm and 0.4876 nm were detected,
which were ascribed to Mn3O4 (3 1 1) phase, MnO (0 2 1) phase and
MnO2 (1 1 1) phase, respectively. With regard to 15%Co/BAC, the
primary particle size was around 17 nm and two kinds of lattice fringes

Fig. 1. The experimental apparatus diagram for NO and Hg0 simultaneous removal.

Fig. 2. The N2 adsorption/desorption isotherms and corresponding pore size distribution curves of virgin BAC and modified BACs: (A) the N2 adsorption/desorption
isotherms, (B) the pore size distribution curves.

Table 1
The BET specific surface area and pore parameters of virgin BAC and modified
BACs.

Sample BET surface area
(m2/g)

Total pore volume
(cm3/g)

Average pore
diameter (nm)

Virgin BAC 745.935 0.485 2.603
7.5%CoMn/BAC 712.017 0.465 2.612
15%CoMn/BAC 617.149 0.402 2.568
22.5%CoMn/BAC 560.356 0.356 2.539
30%CoMn/BAC 489.420 0.310 2.530
15%Co/BAC 590.756 0.385 2.605
15%Mn/BAC 600.447 0.392 2.634
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of 0.2450 nm and 0.2145 nm were observed, which were assigned to
Co3O4 (3 1 1) phase and CoO (2 0 0) phase, respectively [27]. For
15%CoMn/BAC, the primary particle size was about 14 nm and much
smaller than that of 15%Mn/BAC and 15%Co/BAC, indicating that Co
incorporation could somewhat lessen the particle size of 15Mn/BAC
and alleviate its crystallinity. Only two kinds of lattice fringes of
0.2577 nm and 0.4541 nm corresponding to CoMnO3 (1 0 4) and (0 0 3)
phase were observed on 15%CoMn/BAC [35]. In addition, there was no
lattice fringes matched Mn3O4, MnO, MnO2, Co3O4 and CoO. This re-
sults indicated that Mn and Co species were well dispersed in the
15%CoMn/BAC or they existed as amorphous species.

3.1.3. XRD analysis
The XRD patterns of virgin BAC and modified BACs were depicted in

Fig. 4. As for virgin BAC, four distinct diffraction peaks at 26.60°,
28.90°, 36.04° and 44.46° were detected, thereinto the peaks at 28.90°
and 36.04° (PDF-ICDD 18-1170) were attributed to SiO2 [36], whereas
other ones at 26.60° and 44.46° (JCPDS 25-0284) were associated with
the carbon matrix of BAC carrier [2]. Interestingly, they all decreased or
even disappeared with the introduction of MnOx or CoOx, and this

Fig. 3. The SEM and TEM images of virgin BAC and modified BACs. SEM: (A) virgin BAC, (B) 7.5%CoMn/BAC, (C) 15%CoMn/BAC, (D) 22.5%CoMn/BAC, (E)
30%CoMn/BAC, A×10,000 multipulter; B, C, D and E×20,000 multipulter; TEM: (F) 15%Mn/BAC, (G) 15%Co/BAC, (H) 15%CoMn/BAC.

Fig. 4. XRD patterns of virgin BAC and modified BACs.
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phenomenon became more and more apparent with the increase of
metal oxides loading, indicating the pristine structure of virgin BAC had
been significantly changed due to the loading of metal oxides and an
intense interaction appeared among these metal oxides and BAC [2,36].
With regard to 15%Mn/BAC, five emerging peaks at 2θ=36.09°,
40.55°, 59.84°, 69.5° and 73.8° were discovered. Meanwhile, the peaks
at 36.09°, 59.84° and 73.8° (JCPDS 75-1560) were attributed to Mn3O4,
the peak at 40.55° (JCPDS 72-1533) was assigned to MnO, and the peak
at 69.5° (JCPDS 29-1020) represented the presence of MnO2 [36,37]. As
for 15%Co/BAC, four emerging peaks centered at 2θ=36.93°, 42.39°,
44.85° and 61.49° were observed, in which the peaks at 36.93° and
44.85° (JCPDS 74-1656) corresponded to Co3O4 crystallites [38], while
the other peaks at 42.39° and 61.49° (JCPDS 48-1719) were ascribed to
CoO [2]. This phenomena demonstrated the coexistence of different Mn
or Co species in these samples with perfect crystalline structure due to
clear diffraction peaks, which were in good accordance with the results
of H2-TPR and XPS. Compared with 15%Mn/BAC and 15%Co/BAC,
XCoMn/BACs displayed several emerging characteristic peaks at 36.4°
and 41.6°, which were related to CoMnO3 phase (JCPDS 12-0476), in-
dicating that the dissolution of Co ions into MnOx lattice to form Mn-O-
Co binary oxides, considering that the radius of Co3+ (0.65 Å) and Co2+

(0.78 Å) were closed to those of Mn4+ (0.60 Å) and Mn3+ (0.66 Å)
[39,40]. No other diffraction peaks assignable to Co species were de-
tected in XCoMn/BAC samples, which might be ascribed to its ultralow
loading value and good dispersion [2,36]. Moreover, the presence of Co
species might enhance the dispersion of Mn species by inhibiting ag-
glomeration effect [33]. Additionally, other peaks belonged to Mn
species weakened and broadened or even vanished in XCoMn/BAC
samples, revealing that the introduction of Co species leaded to smaller
size of Mn species in poorly crystalline state or amorphous surface
species [33,39,41,42]. These Mn species in poor crystalline structure
were anticipated to enhance catalytic performance due to facilitating
surface oxygen vacancies [41,42].

3.1.4. H2-TPR analysis
The redox abilities of virgin BAC and modified BACs were in-

vestigated by H2-TPR, and the results were illustrated in Fig. 5. With
regard to virgin BAC, the only reduction peak centered at 690 °C could
be associated with the gasification of BAC bulk material [43], which
was also observed in all modified BACs. The reduction of 15%Mn/BAC
was related to three steps. The first peak located at 320 °C might be
attributed to the reduction of MnO2–Mn2O3, whereas the second peak
appeared at 427.8 °C was probably due to the reduction of
Mn2O3–Mn3O4. The third peak at 510 °C could correspond to

subsequent reduction of Mn3O4–MnO [38,40]. As for 15%Co/BAC, two
reduction peaks located at 371.9 and 465.6 °C were found, and the
lower temperature peak was ascribed to the reduction of Co3+–Co2+

with concomitant structure change, while the higher temperature peak
was associated with the stepwise reduction of CoO to metallic cobalt
[40,44]. It was noted that 15%CoMn/BAC exhibited five peaks emerged
at 253.5, 319.8, 373.4, 433.9 and 503.9 °C, in which the reduction
profiles could be classified into two groups: the peaks centered at 253.5,
373.4 and 503.9 °C for MnOx and the other peaks at 319.8 and 433.9 °C
for CoOx. It was clearly seen that the reduction peaks of 15%CoMn/BAC
shifted to lower temperatures, indicating it yielded better redox ability
than those of 15%Mn/BAC and 15%Co/BAC [26,42]. That could be
attributed to that the couples of Mn4+/Mn3+ and Co3+/Co2+ fa-
cilitated each other to decrease the energy demanded for the electronic
transfer or the formation of more surface oxygen vacancies, thus sig-
nificantly boosting oxygen mobility enhancement or reactants activa-
tion [30,42]. This also suggested that a synergistic effect emerged be-
tween MnOx and CoOx, which might possibly contribute to surface
oxygen defects and structural distortion, which were favorable for
catalytic reactions [2,33,45]. Thus, that could be used to explain why
15%CoMn/BAC exhibited perfect catalytic activity at lower tempera-
ture range.

3.1.5. NH3-TPD analysis
During NH3-SCR of NO process, the surface acidity properties of

catalysts were of vital importance for NH3 adsorption and succedent
activation. Therefore, we estimated the acidity properties of virgin BAC,
15%Mn/BAC, 15%Co/BAC and 15%CoMn/BAC by NH3-TPD tests. As
displayed in Fig. 6, only one small peak was observed about virgin BAC,
revealing that it only owned a certain amount of acid sites. After
loading Mn or Co metal oxides, it was clearly seen that two bigger and
broader desorption peaks were detected in modified BACs, indicating
the strength and amount of acid sites were immensely aggrandized after
introducing metal oxides. Meanwhile, low temperature peaks were as-
cribed to Brønsted acid sites, while higher peaks were assigned to Lewis
acid sites [46,47]. It was speculated that Brønsted acid sites were de-
rived from surface hydroxyl groups [46,48], whereas Lewis acid sites
might be associated with unsaturated Mnn+ or Con+ sites [46,49]. The
peak intensities and corresponding areas of 15%CoMn/BAC were much
bigger than those of 15%Mn/BAC and 15%Co/BAC, and the synergistic
effect between Mn and Co metal oxides might be responsible for more
acid sites, which was beneficial for SCR activity because more acid sites
meant more adsorbed and activated NH3 [49]. It was reported that the
presence of Co3+ might contribute to the improvement of total acidity

Fig. 5. H2-TPR curves of virgin BAC, 15%Mn/BAC, 15%Co/BAC and
15%CoMn/BAC.

Fig. 6. NH3-TPD curves of virgin BAC, 15%Mn/BAC, 15%Co/BAC and
15%CoMn/BAC.
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of a given catalyst owing to its high tendency for forming amino
complexes [49,50].

3.1.6. XPS analysis
The element chemical state and composition of virgin BAC, 15%

Mn/BAC, fresh and used 15%CoMn/BAC were elucidated by XPS, and
the XPS spectra of O 1s, C 1s, Mn 2p, Co 2p and Hg 4f were presented in
Fig. 7. In general, the O 1s XPS profile was composed of three type
symmetrical peaks located at 530.1–530.2, 531.7–532.4 and

533.5–534.4 eV in these samples. The lower binding energy peak was
related to lattice oxygen (Oα); the medium one corresponded to che-
misorbed oxygen, oxygen vacancies or weakly bonded oxygen (Oβ); the
higher one was ascribed to adsorbed water species (Oγ) [34,51,52].
Compared with fresh and used 15%CoMn/BAC, virgin BAC seemed
short of Oα, which could act as oxygen storage role and made surface
oxygen more labile, thus boosting low-temperature catalytic activity
[34]. In other words, the introduction of metal oxides could not only
contribute to Oα, but also promote catalytic activity. Oβ might derive

Fig. 7. XPS spectra of virgin BAC, fresh 15%Mn/BAC, fresh and used 15%CoMn/BAC: (a) O 1s, (b) C 1s, (c) Mn 2p, (d) Co 2p and (e) Hg 4f.
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from oxygen-containing function groups of carriers and the transfor-
mation from fractional lattice oxygen [53,54]. It was worth mentioning
that Oβ was deemed to be highly reactive in redox reactions due to
better mobility and higher activity [2,42]. It was clearly seen that the
ratio of Oβ descended markedly from 56.4% to 20.5% after reactions,
on the contrary, Oγ demonstrated obviously ascendant trend from
16.2% to 50.6%, while the ratio of Oα increased slightly from 27.4% to
28.9%. That indicated that Oβ had participated in the reactions and
been consumed in the phases. Particularly, previous works also con-
firmed Oα to take part in these reactions [2,5].

As shown in Fig. 7b, the C 1s spectra fitting had been resolved into
five component peaks located at 284.68–284.76 eV, 285.3–285.62 eV,
286.9–286.97 eV, 288.57–288.68 eV and 290.29–290.48 eV, which
were ascribed to graphitic carbon (CeC/H), carbon present in alcohol,
ether, phenolic groups (CeO), carbonyl groups (C]O), ester or car-
boxyl groups (COOH) and shake-up satellite peaks owing to π-π*

transitions in aromatic rings (π-π), respectively [5,55,56]. Once loaded
Mn and Co species, the ratios of COOH and C]O enhanced, while the
ratio of C-O decreased. The former might be associated with the loading
nitrate precursors, whereas the later could be related to the desorption
of CeO in high temperature calcination process under N2 [5,57]. After
the reactions, the ratio of total oxygen-containing functional groups
raised, in which the ratio of COOH increased sharply, while the ratio of
CeO declined apparently. It was reported that COOH and C]O could
facilitate mercury oxidation and electron transfer on AC surface, in
which they might act as chemisorption centers for Hg0 [58].

The Mn 2p XPS spectra of fresh 15%Mn/BAC, fresh and used
15%CoMn/BAC samples were illustrated in Fig. 7c. The Mn 2p profile
exhibited two peaks at approximately 653.5 and 642 eV, which was as-
sociated with Mn 2p 1/2 and Mn 2p 3/2 states, respectively [34]. The Mn
2p 3/2 speak could be further deconvoluted into three characteristic peaks
centered at 644.4–645 eV, 642.2–642.7 eV, and 640.9–641.4 eV, which
were attributed to Mn4+, Mn3+ and Mn2+, respectively [25,59]. This
demonstrated that Mn4+, Mn3+ and Mn2+ coexisted in these samples. In
this study, the ratios of Mn4+, Mn3+, and Mn2+ were calculated by
Mn4+/Mnn+(Mnn+=Mn4++Mn3++Mn2+), Mn3+/Mnn+, and
Mn2+/Mnn+, respectively. As depicted in Fig. 7c, after incorporating of
CoOx into 15%Mn/BAC, all characteristic peaks corresponded to Mn
species shifted to lower binding energy to some extent, and the ratios of
Mn4+, Mn4++Mn3+, Mn4+/Mn3+ showed an upward trend, contrarily,
which all demonstrated a descending tendency after the reactions. The
former phenomenon indicated that the introduction of CoOx could boost
the transformation of Mn species into high valence, whereas the latter
appearance suggested that high valence manganese species might shift

into low valence in the reactions. Obviously, the evident decline of the
ratio of Mn3+ should be responsible for that because Co3O4 spinel struc-
ture was beneficial for the change of Mn3+ species to Mn4+ species [40].
It had demonstrated that high valence manganese especially Mn4+ and its
redox cycle might be conducive to high catalytic activity, thus promoting
NO and Hg0 removal [26,33,34,36,53,59].

The Co 2p XPS spectra of fresh and used 15%CoMn/BAC were
displayed in Fig. 7d, and they exhibited two distinct peaks appeared at
about 796.3 and 780.8 eV, which were assigned to Co 2p1/2 and Co 2p3/
2 spin-orbital peaks, respectively [26,40]. Further, they could be de-
composed into five type contributions including two spin-orbit doublets
(D1 and D2) and three satellite peaks (S1, S2 and S3). The D1 contribu-
tions located at 780.8–780.6 eV and 795.9–795.7 eV could be attributed
to 2p3/2 and 2p1/2 of octahedral Co3+ species, while the D2 contribu-
tions situated at 782.3 and 798.2 eV could be ascribed to 2p3/2 and 2p1/
2 of tetrahedral Co2+ species, respectively [40,60,61]. This demon-
strated that both Co3+ and Co2+ species existed in fresh and used
samples. As shown in Fig. 7d, it was clearly seen that the ratio of Co3+/
Co2+ decreased from 1.27 to 0.96 after the reactions, indicating some
Co3+ had been consumed due to the transfer from Co3+ to Co2+. It was
generally accepted that more Co3+ species meant better redox prop-
erties of Co-based catalysts, leading to an augmentation of catalytic
activity [26,62]. Furthermore, Meng et al. reported that the presence of
Co3+ species were beneficial for NH3 chemisorption, thus resulting in
ENO enhancement [63]. In this regard, we could infer that Co3+ species
played positive effects on catalytic activity.

The Hg 4f XPS spectra of used 15%CoMn/BAC were shown in
Fig. 7e, which exhibited three peaks centered at 104.4, 103.4, and
101.4 eV. The medium peak was assigned to Si 2p [64,65], which was
in line with XRD results. The higher binding energy peak was related to
Hg 4f5/2, and the lower binding energy peak corresponded to Hg 4f7/
2, which were ascribed to HgO [65–67]. Additionally, as shown in
Fig. 8, the mercury conversion tests also affirmed that catalytic oxida-
tion contributed to Hg0 removal, generating HgO in the process. It was
seen that no obvious peak appeared at 99.9 eV was detected, which was
the characteristic peak associated with Hg 4f 7/2 for Hg0 [65,67], in-
dicating that no adsorbed Hg0 were detected on the sample surface.
Although adsorption including physisorption and chemisorption as well
as catalytic oxidation did contribute to Hg0 removal over modified ACs
[2,5], even if some Hg0 was adsorbed, most of which might be flushed
away in the pretreatment phase of XPS measurement and residuary one
might be below the detection limit [53,54]. Similar phenomenon was
also observed in other works [2,65,67].

3.1.7. FTIR analysis
FTIR experiments were conducted to reveal the adsorbed species

after different reactant molecules adsorption, exploring the NH3-SCR
mechanism and possible effects of H2O and SO2. As presented in Fig. 9,
some similar spectra emerged in all samples, which might be associated
with the nature of BAC. For example, the band appeared at 3742 cm−1

was attributed to typical hydroxyl groups [68].
After NO+O2 adsorption, several new emerging bands at 1120,

1192, 1385, 1555, 1630, 2365 cm−1 were detected. The bands at 1120
and 1192 cm−1 might correspond to NO− [69]. The band at 1385 cm−1

could be ascribed to nitrate species [2,19]. The obvious band at
1555 cm−1 was attributed to NO3

− [69]. The feeble band at 1630 cm−1

was assigned to the characteristic band of gas phase or weekly adsorbed
NO2 [3,69]. The band at 2365 cm−1 might be in line with combination
and overtone vibrations of nitrato species [2,19]. Several new bands at
1129, 1196, 1406, 1565 cm−1 were observed in the spectra of
NH3+O2 adsorption. Thereinto, the bands at 1129, 1196 and
1406 cm−1 represented coordinated NH3 species linked to Lewis acid
sites [19,26], whereas the peak at 1456 cm−1 could be attributed to
NH4

+ bound to Brønsted acid sites [26]. That manifested that both
Brønsted and Lewis acid sites might boost NH3 adsorption and activa-
tion, promoting NO removal. Moreover, the obvious band at 1565 cm−1

Fig. 8. The results of mercury conversion tests. Reaction conditions:
T= 240 °C, 6% O2, 100 μg/m3 Hg0, 500 ppm NO, 500 ppm NH3, N2 as balance.
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implied the presence of amide species (–NH2) [4,26]. With regard to co-
adsorption of NO+NH3+O2, the bands at 1122, 1195 and 1400 cm−1

might be assigned to the overlapping of NO– and coordinated NH3

species linked to Lewis acid sites [26,69]. The band at 1456 cm−1 could
be ascribed to coordinated NH4

+ on Brønsted acid sites [40]. Similarly,
the band at 1565 cm−1 was considered as the characteristic band of
–NH2 [4,26]. The weak band at 1630 cm−1 was assigned to the char-
acteristic band of gas phase or weekly adsorbed NO2 [3,69]. It was
worth mentioning that the adsorption behaviors of NO and NH3 over
15%CoMn/BAC in this work were consistent with the corresponding
results of in situ DRIFTS tests on MnxCo3-xO4 nanocages [26].

Several characteristic bands were recorded in the SO2+O2 ad-
sorption spectra. The band arose at 1045 cm−1 might belong to
stretching vibrations from adsorbed bisulfates or sulfates, which could
improve catalyst’ acidity and facilitate NH3 adsorption and activation,
thus partly offsetting the detrimental influence of SO2 [2,19]. The
characteristic band appeared at 1557 cm−1 suggested the formation of
surface water that might be from the reactions between hydroxyl
groups and SO2 [19,68]. Moreover, the band emerged at 1136 cm−1

was gas-phase SO2, whereas two evident bands observed at 2336 and
2363 cm−1 were in line with liquidlike physisorbed SO2 [2,19]. Such
adsorbed SO2 might occupy limited adsorption or catalytic sites by
competing with NO, NH3, Hg0 and O2, thus restricting NO and Hg0

removal, as displayed in Fig. 13. As for H2O+O2 adsorption spectra,
the weak band detected at 1628 cm−1 was demonstrated as the char-
acteristic band corresponded to the δHOH of H2O [2,19]. The hydro-
phobic property of BAC might lessen adsorbed water on the catalyst
surface, thus reducing the negative influence from H2O [2,28,29].

3.1.8. TG analysis
Fig. 10 revealed the TG-DTG curves of fresh and used 15%CoMn/

BAC and 15%Mn/BAC. Both fresh 15%CoMn/BAC and 15%Mn/BAC
displayed two obvious weigh losses, and the DTG curves presented two
corresponding valleys. The first one existed at about 80 °C, which was
attributed to the evaporation of water [70]. The second one appeared in
high temperature range, which was associated with the phase trans-
formation of metal oxides [71]. The weight losses of used 15%CoMn/
BAC were mainly divided into four steps. The first step (50–100 °C) was
ascribed to the desorption of water [70]. The second step (200–400 °C)
was stemmed from the decomposition of (NH4)2SO4 (230 °C) and
NH4HSO4 (350 °C) [72], which were less than those of used 15%Mn/
BAC, indicating the generation ammonia sulfates (bisulfates) was

inhibited owing to the addition of Co. Jiang et al uncovered that
Mn0.66Co0.34-MOF-74 displayed outstanding resistance to SO2 and the
reason was that the incorporation of Co could weaken SO2 adsorption
strength on the catalyst surface [73]. The third step (500–700 °C) was
related to the phase transformation of metal oxides [71]. The fourth
step (around 816 °C) was assigned to the decomposition of Co3O4 and
cobalt sulfate [74], which did not exist in used 15%Mn/BAC, suggesting
Co might preferentially react with SO2, thus protecting manganese ac-
tive sites [70]. Moreover, the weight loss of 15%CoMn/BAC-SO2 (about
16%) was much less than that of 15%Mn/BAC-SO2 (about 53%). This
results further demonstrated the emerging surface sulfates on used
15%CoMn/BAC was much lower than that of used 15%Mn/BAC, and
the addition of Co into 15%Mn/BAC significantly enhanced its re-
sistance to SO2.

3.2. The performance of samples

3.2.1. Effect of active ingredient
Fig. 11 demonstrated the performances of virgin BAC and modified

BACs with various active ingredients for NO and Hg0 simultaneous
removal in the temperature range of 80–320 °C. It was of interest to
note that virgin BAC exhibited the worst performance, and modified
BACs with CoOx or MnOx could dramatically promote NO and Hg0 re-
moval, which indicated active ingredients had a favourable effect on
the improvement of EHg and especially ENO. Compared with 15%Co/
BAC and 15%Mn/BAC, 15%CoMn/BAC acquired better ENO and EHg

with a broader active temperature range, which might be ascribed to
the synergistic effect between MnOx and CoOx, which could promote
each other and contribute to the enhancement of redox ability and the
amount and dispersion of available surface active species [30]. As
displayed in Fig. 11b, ENO and EHg of XCoMn/BACs manifested various
trend with the augment of reaction temperature. Thereinto, except for
7.5%CoMn/BAC, ENO and EHg of which increased until 280 °C and then
descended at 320 °C. ENO of others shared an apparent enhancement in
the temperature range of 80 °C–240 °C and therewith yielded an ob-
vious decline. However, EHg exhibited a slight ascension with the in-
crease of reaction temperature from 80 °C to 240 °C, and afterwards
showed an evident decrease with further increasing reaction tempera-
ture. Meanwhile, 15%CoMn/BAC exhibited better EHg than other
samples, while 15%CoMn/BAC and 22.5%CoMn/BAC acquired optimal
ENO, and 15%CoMn/BAC yielded the best EHg of 98.5% and the highest
ENO of 86.5% at 240 °C. Based on BET results, it seemed pretty clear that
both ENO and EHg of XCoMn/BACs were not invariably in line with BET
surface areas and total pore volumes, revealing that physisorption had a
definite but not decisive effect on NO and Hg0 removal. Owing to
comprehensive consideration, 15%CoMn/BAC was chosen for sub-
sequent study in this work.

It was well recognized that reaction temperature played a critical
role in catalytic reactions and there was a corresponding active tem-
perature range for a given catalyst and reaction, before which catalytic
activity would boost with the increase of reaction temperature due to
the improvement of catering activation energy [2,65]. Moreover, re-
action temperature enhancement might also promote chemisorption
owing to forming more chemical bonds [2,75]. That might be re-
sponsible for the increases of ENO and EHg with the increase of reaction
temperature. The evident decreases of ENO and EHg at high temperature
might be possibly explained by several reasons. One reason for those
decreases could be explained by that the adsorption of reactant mole-
cules like Hg0 might be inhibited by high temperature [2,76]. In ad-
dition, the other one might be attributed to the structure damage of
BAC resulted from metal oxides catalytic oxidizing carbon matrix
[2,5,77].

3.2.2. Effect of O2 concentration
The effect of O2 concentration on NO and Hg0 simultaneous removal

over 15%CoMn/BAC were illustrated in Fig. 12. The sample only

Fig. 9. FTIR spectra for 15%CoMn/BAC. Reaction conditions: NO+O2

(500 ppm NO+6% O2), NH3+O2 (500 ppm NH3+6% O2), NO+NH3+O2

(500 ppm NO+500 ppm NH3+6% O2), SO2+O2 (300 ppm SO2+6% O2),
H2O+O2 (5 vol.% H2O+6% O2) and N2 as balance gas.
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possessed ENO of 12% and EHg of 51% in the absence of O2, and the poor
performance might mainly come from adsorption and weak reactions
due to the preexisting Oα and Oβ, as discussed in the O 1s XPS analysis.
When 3%O2 was added into the flue gas, ENO and EHg achieved a sig-
nificant improvement from 12% and 51% to 81% and 92%,

respectively. Furthermore, ENO and EHg obtained a slight further en-
hance after the addition of 6% O2, and the further increases of ENO and
EHg became negligible when O2 concentration augmented from 6% to
9% or even to 12%. This phenomenon indicated gaseous O2 could ob-
servably facilitate NO and Hg0 removal when flue gas was short of

Fig. 10. TG-DTG profiles of the catalysts: fresh 15%CoMn/BAC (A), fresh 15%Mn/BAC (B), used 15%CoMn/BAC-SO2 (C), used 15%Mn/BAC-SO2 (D).

Fig. 11. Effect of active ingredients on simultaneous NO and Hg0 removal over virgin BAC and modified BACs. (a) The performance of simultaneous NO and Hg0

removal over virgin BAC, 15%Mn/BAC, 15%Co/BAC and 15%CoMn/BAC; (b) The performance of simultaneous NO and Hg0 removal over 7.5%–30%CoMn/BACs.
Reaction conditions: T=80–320 °C, 6% O2, 100 μg/m3 Hg0, 500 ppm NO, 500 ppm NH3, N2 as balance.
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enough oxygen, which could be explained by that gaseous O2 could
replenish consumed Oβ and Oα in NO and Hg0 removal reactions, thus
keeping such reactions continuously proceeding, in which oxygen va-
cancies and lattice defects on sample surface were conducive to O2

activation and adsorption [62], and they were beneficial for the oxi-
dation of NO–NO2, promoting NO reduction and Hg0 oxidation [30,53].
Fortunately, it was inferred that O2 concentration in practical coal-fired
flue gas was often sufficient for continuous reactions.

3.2.3. Effect of SO2 and H2O
The single and congregate effects of SO2 and H2O on the simulta-

neous removal of NO and Hg0 over 15%CoMn/BAC were displayed in
Fig. 13. It was observed that both SO2 and H2O had negative effects on
Hg0 and NO removal, and the detrimental influences increased with the
enhancement of SO2 and H2O concentrations. For instance, when
300 ppm SO2 was added into the flue gas, EHg decreased from 97.4% to
95.2%, while ENO declined to 82.3% from 86.3%. It was worth men-
tioning that in preliminary experiments 300 ppm SO2 could cause EHg

and ENO of 15%Mn/BAC to drop by about 23% and 18%, respectively.

That demonstrated that CoOx modified 15%Mn/BAC could significantly
enhance its SO2 resistance, which might be attributed to two reasons.
One reason was the introduction of Co inhibiting the generating am-
monia sulfates (bisulfates) by weakening SO2 adsorption strength on
the catalyst surface [73]. The other one might be related to that the
introduction of Co could preferentially react with SO2, thus protecting
manganese active sites [70]. Combined with literature and FTIR ana-
lysis, two reasons could be responsible for the inhibitory effect of SO2.
For one thing, SO2 might be in competition with Hg0, NO and NH3 for
catalytic or adsorption sites [2,78]. For another, the possible generation
of ammonium sulfates or bisulfates would destroy the porous structure
and cover activated sites, besides, the formation of metal sulfates might
lead metal catalytic sites to inactive phases [2,68], thus causing the
decreases of ENO and EHg.

Likewise, ENO and EHg were slightly inhibited by H2O(g), and 8%
H2O could induce ENO to fall by 5.1% from 86.3% to 81.2%, and EHg to
drop by 6.9% from 97.4 to 90.5%, suggesting that 15%CoMn/BAC
yielded excellent H2O resistance, which might be related to the hy-
drophobic property of BAC and the strong interaction between MnOx

and CoOx species [27–29]. Similarly, the inhibitive effect might prob-
ably result from the competitive adsorption among H2O, NO, NH3 and
Hg0 for adsorption or catalytic sites [76,79]. What’s more, the syn-
chronous additions of SO2 and H2O contributed to more obvious drops
of ENO and EHg than that of single effects of SO2 and H2O. It was no-
teworthy that 15%CoMn/BAC still displayed 82%NO removal effi-
ciency and 94% Hg0 removal efficiency under SFG+500 ppm
SO2+ 5% H2O, and the excellent anti-SO2/H2O performance preceded
many reported catalysts [15,19,20,23]. For instance, 400 ppm SO2 or
8% H2O could cause both ENO and EHg over V2O5-CeO2/TiO2 to decline
by 20% [15]. As mentioned earlier, the giant drops of ENO and EHg

could be explained by the synergistic competition for adsorption or
catalytic sites among SO2, H2O, NO, NH3 and Hg0, and the possible
generation of ammonium sulfates (bisulfates) or metal sulfates also
gave rise to that [2,5,43].

3.3. The interaction between NO removal and Hg0 removal

3.3.1. Effect of Hg0 on NO removal
It was of extraordinary significance to study whether the presence of

Hg0 removal affected NO removal. Therefore, interrelated tests were
conducted and the results were displayed in Fig. 14. ENO did not
manifest any distinct change when Hg0 removal was suddenly inter-
rupted by stopping the supply of Hg0, and ENO seemed hardly changed

Fig. 12. The effect of O2 concentration on simultaneous NO and Hg0 removal
over 15%CoMn/BAC. Reaction conditions: T= 240 °C, 0–12% O2, 100 μg/m3

Hg0, 500 ppm NO, 500 ppm NH3, N2 as balance.

Fig. 13. The separate or synchronous effects of SO2 and H2O on simultaneous
NO and Hg0 removal over 15%CoMn/BAC. Reaction conditions: T=240 °C, 6%
O2, 100 μg/m3 Hg0, 500 ppm NO, 500 ppm NH3, 300–900 ppm SO2 (when
used), 3–8 vol.% H2O (when used), N2 as balance.

Fig. 14. Effect of Hg0 concentration on NO removal over 15%CoMn/BAC.
Reaction conditions: T= 240 °C, 6% O2, 0–400 μg/m3 Hg0, 500 ppm NO,
500 ppm NH3, N2 as balance.
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even if 100 μg/m3 Hg0 was rejoined. Nevertheless, ENO exhibited a
trifling decrease with further enhancement of Hg0 concentration, re-
vealing that high concentration of Hg0 could give rise to a slight pro-
hibitive influence on NO removal. The inhibitory effect might be at-
tributed to two possible reasons. On the one hand, Hg0 could compete
with NO or NH3 for adsorption or catalytic sites. On the other hand, the
formation of HgO as confirmed by XPS analysis and mercury conversion
tests, might accumulate on sample surface and cover active sites
[2,5,19,51]. And they both increased with the enhancement of Hg0

concentration, thus resulting in a slight decline of ENO. It was remark-
able that Hg0 concentration in actual coal-fired flue gas was much
lower than the tests, and we could infer that the practical NO removal
might be scarcely affected by Hg0 removal.

3.3.2. Effect of SCR atmosphere on Hg0 removal
As presented in Fig. 15, the effects of SCR atmosphere including NO

and NH3 on Hg0 removal were inspected. For comparison, the blank test
was performed to acquire the original EHg without the interference of
NO removal by removing NO and NH3 from the SFG. It was clearly seen
that original EHg exhibited higher than that under SFG conditions, in-
dicating that NO removal could have negative effect on Hg0 removal,
which was in good line with previous works [2,5,19]. It was speculated
that NO removal might preponderate over Hg0 removal under high
concentrations of NO and NH3 [19,80].

Fig. 15 further uncovered the individual effect of NH3 and NO on
Hg0 removal. When 200 ppm or 500 ppm NO was subtracted from the
SFG, EHg exhibited an obvious drop. Similarly, EHg also showed an
apparent descending trend when additional 200 ppm or 500 ppm NH3

was added into SFG. In other words, NH3 alone and excess NH3 (NH3/
NO > 1) both played evidently inhibitory effect on Hg0 removal,
which might be ascribed to that NH3 could be rapidly adsorbed to
generate adsorbed NH3 species, in which surface active sites were oc-
cupied and active oxygen was consumed, inhibiting Hg0 oxidation and
thus leading to a decrease of EHg [69,81]. On the contrary, the stimu-
lative effect of NO alone on Hg0 removal was detected and the pro-
motional appearance was also observed when NH3 and superfluous NO
(NH3/NO < 1) coexisted in the conditions. That might be probably
explained by that NO could be weakly absorbed on the sample surface,
and some of adsorbed NO species might be oxidized to NO2 by surface
active oxygen, which was beneficial for Hg0 oxidation [33,53].

3.4. Stability and recyclability tests

The stability and recyclability of a given catalyst were essential
factors to evaluate its industrial application potential. As shown in
Fig. 16, both ENO and EHg of 15%CoMn/BAC under SFG exhibited a
slower decline than that under SFG with 200 ppm SO2 and 3% H2O,
which was ascribed to the combined negative effects from SO2 and H2O
as discussed above. Notably, 15%CoMn/BAC ultimately yielded ENO of
80% and EHg of 92.2% under SFG with 200 ppm SO2 and 3% H2O after
24 h, indicating its industrial application potential.

Interestingly, the descending trends of ENO and EHg with time were
different, in which ENO demonstrated a continuous decrease with time,
whereas EHg even exhibited a mild increase at first and then decreased
with time. That interesting appearance might be associated with dif-
ferent removal mechanisms of NO and Hg0, since both catalytic oxi-
dation and adsorption with limited adsorption capacity were con-
jectured to devote Hg0 removal while adsorption was hardly
responsible for NO removal [2,5]. Moreover, ENO and EHg became
worse with the increase of regeneration frequencies, in which the re-
generation was acquired at 600 °C for 2 h under N2 based on our pre-
vious works and preliminary experiments [2,5]. That might be related
to two possible reasons, on one hand, the regeneration was incomplete
or some adsorption and catalytic sites becoming inactive due to un-
reasonable regeneration temperature or other factors. On the other
hand, the prolonged catalytic oxidizing BAC into CO or CO2 from metal
oxides would damage the pore structure and surface areas, thus causing
certain drops of ENO and EHg [2,5,77]. Thereinto, the later one might be
the bottleneck of carbon-based catalysts used at higher temperature,
which imposed restrictions on such catalysts’ application to some ex-
tent.

4. Mechanism study

With regard to NH3-SCR of NO over metal oxides modified AC(BAC)
catalysts, it was acknowledged that metal oxides were the catalytic
centers that served as the electron transfer station of reactants including
NH3, NO and O2 [2,5,77,82,83]. In addition, it was well-known ac-
cepted that Mn4+ was the most active species and the valence change
from Mn4+ to Mn3+ and therewith to Mn2+ in Mn-based catalysts was
the possible mechanism for both Hg0 oxidation and NO reduction
[3,7,21,22]. According to characterization and experimental results and
literature, possible reaction pathways were inferred as follows: NH3 was

Fig. 15. Effect of SCR atmosphere (NH3 and NO) on Hg0 removal over
15%CoMn/BAC. Reaction conditions: T= 240 °C, 6% O2, 100 μg/m3 Hg0,
0–1000 ppm NO, 0–1000 ppm NH3, N2 as balance.

Fig. 16. The stability and recyclability of 15%CoMn/BAC for simultaneous NO
and Hg0 removal. Reaction conditions: T= 240 °C, 6% O2, 100 μg/m3 Hg0,
500 ppm NO, 500 ppm NH3, 200 ppm SO2 (when used), 3 vol.% H2O (when
used), N2 as balance.
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instantly coordinated to Lewis or Brønsted acid sites, forming inter-
mediate species such as NH4

+ and –NH2. Meanwhile, some NO was
weakly adsorbed on the sample surface and then was oxidized to NO2,
and gaseous NO and adsorbed NO2 react with adsorbed NH3 inter-
mediate species to generate uninjurious N2 and H2O [2,19,26]. These
reactions were summarized as Eqs. (4)–(20), in which Mn-Co complex
oxides acted as catalytic centers.

2Mn 2Mn O4 3 ++ + (4)

2Mn 2Mn O3 2 ++ + (5)

2Mn 1/2O 2Mn3
2

4++ + (6)

2Mn 1/2O 2Mn2
2

3++ + (7)

2Co 2Co O3 2 ++ + (8)

2Co 1/2O 2Co2
2

3++ + (9)

O 2O2(g) (10)

NO NO(g) (ad) (11)

2NO O 2NO(g) 2(g) 2(g)+ (12)

NO NO2(g) 2(ad) (13)

NO O /O NO(ad) 2(ad)+ (14)

NH NH3(g) 3(ad) (15)

NH H NH3(g) surface 4(ad)+ + + (16)

NH O NH - OH3(ad) 2(ad) (ad)+ + (17)

2NH NO NO 2N 3H O3(ad) 2(ad) (g) 2 2+ + + (18)

2NH NO NO 2N 3H O 2H4(ad) 2(ad) (g) 2 2+ + + ++ + (19)

NH NO N H O2(ad) (g) 2 2+ + (20)

As for Hg0 removal over metal oxides modified BAC, our previous
works and mercury conversion tests demonstrated that catalytic oxi-
dation and adsorption including physisorption and chemisorption
contributed to that, whose contributions varied with reaction tem-
perature and time. As shown in Fig. 8, the contribution from catalytic
oxidation dominated gradually due to limited adsorption capacity
[2,5]. The results of O 1s XPS verified that Oβ participated in NO and
Hg0 simultaneous removal, furthermore, both Oα and Oβ were deemed
to take part in Hg0 oxidation reactions (as shown in Eqs. (22) and (23))
[2,5,76]. Therefore, we also speculated that both Oα and Oβ took place
that and were consumed in the process, which followed Mars-Masson
mechanism [25,53,84]. It was surmised that Hg0(g) was first adsorbed
and whereafter Hg0(ad) was oxidized into HgO by Oα and Oβ, moreover,
adsorbed NO2 might also oxidize Hg0(ad) into HgO [53]. Subsequently, as
shown in Eqs. (6), (7) and (9), gaseous O2 reoxidized reduced metal
oxides and replenished consumed Oα and Oβ [85]. Hence, such possible
pathways could be proposed as follows:

Hg Hg(g)
0

(ad)
0

(21)

Hg O HgO(ad)
0 + (22)

Hg O HgO(ad)
0 + (23)

Hg NO HgO NO(ad)
0

2(ad)+ + (24)

5. Conclusions

A series of CoMn/BACs catalysts prepared by the ultrasound-as-
sisted impregnation method were employed for the simultaneous

removal of NO and Hg0. 15%CoMn/BAC exhibited outstanding per-
formance for NO and Hg0 removal in a wide temperature range from
160 to 280 °C, and it yielded prominent NO removal efficiency (86.5%)
and superior Hg0 removal efficiency (98.5%) at 240 °C. The interaction
between NO removal and Hg0 removal lessened their corresponding
separate efficiencies, the adverse effect of NH3 on Hg0 removal could
not be offset by the promotional influences of NO and O2. SO2 and H2O
both had negative effects on NO and Hg0 removal. Compared with 15%
Mn/BAC, the addition of CoOx with suitable amount into 15%CoMn/
BAC could contribute to the synergistic effect between MnOx and CoOx,
resulting in the increase of BET surface area and surface active oxygen
species as well as Mn4+ concentration, the enhancement of redox
ability and the strength or amount of surface acid sites, restraining the
crystallization of MnOx, which might be responsible for the improve-
ment of catalytic performance and SO2 resistance. In addition, the hy-
drophobic property of BAC strengthened the catalyst’ tolerance to H2O.
The results of stability and recyclability tests indicated that 15%CoMn/
BAC possessed a promising application potential for NO and Hg0 si-
multaneous removal at low temperature.
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