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Abstract

A series of low-cost Cu-Mn-mixed oxides supported on biochar (CuMn/HBC) synthesized by an impregnation method were
applied to study the simultaneous removal of formaldehyde (HCHO) and elemental mercury (Hg”) at 100-300° C from simulated
flue gas. The metal loading value, Cu/Mn molar ratio, flue gas components, reaction mechanism, and interrelationship between
HCHO removal and Hg” removal were also investigated. Results suggested that 12%CuMn/HBC showed the highest removal
efficiency of HCHO and Hg at 175° C corresponding to 89%and 83%, respectively. The addition of NO and SO, exhibited
inhibitive influence on HCHO removal. For the removal of Hg®, NO showed slightly positive influence and SO, had an inhibitive
effect. Meanwhile, O, had positive impact on the removal of HCHO and Hg". The samples were characterized by SEM, XRD,
BET, XPS, ICP-AES, FTIR, and H,-TPR. The sample characterization illustrated that CuMn/HBC possessed the high pore
volume and specific surface area. The chemisorbed oxygen (Op) and the lattice oxygen (O4) which took part in the removal
reaction largely existed in CuMn/HBC. What is more, MnO, and CuO (or Cu,0) were highly dispersed on the CuMn/HBC
surface. The strong synergistic effect between Cu-Mn mixed oxides was critical to the removal reaction of HCHO and Hg” via the
redox equilibrium of Mn** + Cu* < Mn** + Cu**.
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Introduction

Coal-fired power plants discharge many kinds of hazardous
substances, such as volatile organic compounds (VOCs) and
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mercury (Hg). VOCs and Hg approximately accounts for
37% of total anthropogenic emissions (Chaggera et al.
1999; Fernandez-Martinez PL-M et al. 2001) and 17%
of anthropogenic sources in China, respectively (Liu
et al. 2016). It is generally known that VOCs and mercury
are both harmful to human health and environment. If
human beings stay in a certain volatile organic compounds
concentration beyond the standard range for a long time,
eyes and nose will be stimulated to get relevant sick and
people will even have cancer (Zheng-Hong Huang et al.
2002). Formaldehyde (HCHO) is one of the volatile or-
ganic compounds and it causes many serious health prob-
lems, for instance, difficulty in breathing, nasopharyngeal,
or nasal cancer (Zhang et al. 2009). Mercury is a global
pollutant with persistence, bioaccumulation, and extreme
toxicity (Zhang et al. 2017; Zhao et al. 2016a).
Therefore, relevant laws and regulations about formalde-
hyde and mercury have been issued to prevent and control
environmental pollution (Wang et al. 2004).
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By far, sorbent-catalyst which can effectively remove
HCHO is proved to be one of the most effective methods of
removing Hg® (Wang et al. 2016). Hence, a high effective
sorbent-catalyst needs to be developed to controlling the emis-
sion of HCHO and Hg". Different sorbents loaded active com-
ponent (sorbent-catalysts) have been used in removing HCHO
and Hgo, such as Ce-Mn co-modified activated carbon (Wu
et al. 2017), metallic oxide supported on ALL,O; (Alvarez-
Galvan et al. 2004; O’Shea et al. 2005), SiO, doped with
TiO, (Erik et al. 2003), and zeolite (Abrishamkar and
Kahkeshi 2013). Among these, activated carbon becomes
one of the most promising sorbents for removing contami-
nants on account of its high surface area and vast porous
structure. Activated carbon-loaded metal oxides have been
proposed as sorbent-catalysts for controlling HCHO emission
in many other researches (Dai et al. 2016). Besides, activated
carbon-modified metal oxides (Wang et al. 2015) have also
been studied as potential catalysts on the Hg® removal.
Therefore, metal oxides loaded on activated carbon were de-
veloped as a potential adsorption catalytic material with ex-
traordinarily high performance and they were employed in
removing simultaneously HCHO and Hg". However, the high
cost of commercial activated carbon restricts its application
(Lee et al. 2016; Yang et al. 2016). Therefore, it is vital to
research and exploit economical and effective support to re-
place activated carbon for the co-removal of HCHO and Hg’.
Recently, environment-friendly biochar with low-cost and
rich porous structures as well as large specific surface have
been attracting wide attention, which accords with the goal of
sustainable development in nowadays society. The literature
reported that modified biochar has high capacity on eliminat-
ing HCHO and Hg® (Bhandari et al. 2014; Yang et al. 2016).
Hence, raw biochar modified by the use of chemical agent and
(or) metal oxides may be a potential sorbent-catalyst replacing
activated carbon-modified metal oxides for simultaneous re-
moval of HCHO and Hg’.

MnO, are suggested to be optimal transition-metal com-
pounds in environment-friendly materials and catalytic field
(Morales et al. 2006). For example, Qu et al. (Qu et al. 2013)
found that SO, removal performance of activated carbon was
sharply improved by Mn loading. Lahousse et al. (Lahousse
et al. 1998) suggested y-MnO, was more active than noble
metal catalysts for the oxidation of VOCs. Moreover, many
researches indicated manganese-based catalyst possessed high
redox capacity and it has been studied extensively in many
catalytic fields, including for the capture of mercury (Evan
et al. 2000; Qu et al. 2013; Tang et al. 2016; You et al.
2017; Granite et al. 2014; Uffalussy 2015).Granite first pro-
posed that lattice oxygen oxidizes mercury in a Mars-Maessen
mechanism (Evan et al. 2000). Interestingly, it was reported
that supported CuO catalysts has been regarded as promising
catalysts for the removal of VOCs and Hg’ (Li et al. 2015;
Tang et al. 2015). Besides, the combination of copper oxides
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with manganese oxides often results in the high catalytic per-
formance. For example, Aguilera et al. (Daniel Antonio
Aguilera et al. 2011) demonstrated the addition of copper
content in mix Cu-Mn oxides could promote the generation
of oxygen vacancies by preventing the manganese oxide from
taking on a crystalline structure. Some researchers also sug-
gested mixed Cu-Mn-based catalyst has great removal perfor-
mance for pollutants, such as NO, VOCs, Hgo, and SO,
(Daniel Antonio Aguilera et al. 2011; Xingfu et al. 2008). In
addition, copper and manganese oxides are used extensively
because of their low cost. Therefore, it was deduced that Cu-
Mn-mixed oxides supported on biochar might show excellent
performance for HCHO and Hg’ removal. However, the re-
lated research on the biochar-supported Cu-Mn-mixed oxides
for simultaneous removal of HCHO and Hg” has rarely been
reported. Meanwhile, the interrelationship between HCHO
and Hg" as well as the removal mechanism of HCHO and
Hg” are still not very clear.

Accordingly, in the present study, a series of Cu-Mn-mixed
oxides supported on biochar (CuMn/HBC) were prepared to
remove simultaneously HCHO and Hg” at 100300 °C from
simulated flue gas. The effects of the reaction temperature,
metal loading value, Cu/Mn molar ratio, and flue gas compo-
nents were investigated to explore the simultaneous removal
performance of the samples for HCHO and Hg’. The samples
were characterized by SEM, XRD, BET, XPS, ICP-AES,
FTIR, and H,-TPR. These characterization results analyze
the interrelationship between HCHO and Hg” as well as the
reaction mechanism on the co-removal of HCHO and Hg’.

Experimental section
Preparation of sample

Firstly, the pinecones were collected and washed using de-
ionized water, dried, and grated. Secondly, the grated pine-
cones were sieved to get 80—100 mesh powder. Then the pine-
cone biochar was produced from being carbonized in tube
furnace at 500 °C for 90 min with heating 5 °C/min under
N, flow. The obtained products were denoted as biochar
(BC). 30% H,0, (1 g of BC per 10 ml of solution) impreg-
nated the pinecone biochar for 24 h to obtain hydrogen per-
oxide activated biochar (HBC). Afterward, these samples
were washed with distilled water to neutral and dried for
18 hat 105 °C.

A series of CuMn/HBC were prepared by impregnating
HBC with a mixture solution containing appropriate quantity
of Mn(NOs), and/or Cu(NOs3),-3H,0 for 24 h, then dried for
8 h at 105 °C. Afterward, it was put into a tube furnace to
calcine at 500 °C for 4 h under N, atmosphere. The obtained
samples were marked as ACu,Mn,/HBC, in which x/y re-
ferred to the Cu/Mn molar ratio (x/y =3:1, 2:1, 1:1, 1:2, 1:3,
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1:4, 1:5) and A stood for the total metal oxides mass percent-
age on the samples (HBC + total metal oxides mass).
Thereinto, CuMn/HBC also represented that the Cu/Mn molar
ratio was 1:1. The single Mn/HBC and Cu/HBC were also
prepared by the same method.

Catalytic performance test

The equipment chat of the simultaneous removal of formalde-
hyde and elemental mercury of catalysts is shown in Fig. 1.
The peristaltic pump extracted 38% formaldehyde solution
into a teflon tube which was packed with a temperature-
controlled heating belt with heating to 110 °C, then solution
was transformed into vapor. N, carried formaldehyde vapor in
conical flask (placed in 80 °C thermostat water bath) into
condensing unit for eliminating water vapor. 70 ug/m> Hg’
was produced by a Hg” permeation tube (VICI Metronics,
USA) which 100 mL/min pure N, passed through.
Afterward, all gases entered into gas-mixed conical flask.
Then the mixed gas passed through a fixed bed reactor which
was a silica tube (i.d. 12 and 600 mm in length) placed verti-
cally in a tubular electric furnace to stay the catalyst bed at
desired temperature.

In each test, about 0.8-g sorbent-catalyst was placed in the
fixed bed reactor. The total flow rate was commanded to
500 mL/min, and the corresponding gas hourly space velocity
(GHSV) was approximately 13,000 h™'. 6% O,, 100 ppm
HCHO, 70 pg/m® Hg’, and balanced gas N, were composed

Fig. 1 Schematic diagram of the
experimental setup

of the simulated flue gas (SFG). And the influence part of flue
gas components contained 400 or 800 ppm of SO, and 300 or
600 ppm of NO. The gas flow was exactly controlled by mass
flow controller (MFC). Every experiment maintained 3 h in
different conditions and temperature window extended 100 to
300 °C. The inlet and outlet concentrations of HCHO vapor
and Hg” were, respectively, monitored by a PGM-7300(RAE,
USA) and an online RA-915 M mercury analyzer (LUMEX
Ltd., Russia). The Hgo removal efficiency (Eyg) and HCHO
conversion efficiency (Eycpo) were, respectively, defined in
Egs. (1) and (2):

H. 0
Epg = (1%) x 100%

%}gﬁ‘:) x 100% (2)

(1)

Encro = (1—

where [Hg’];, and [HCHOJ;,,, respectively, denote the inlet
concentration of Hg” and HCHO. Similarly, [Hg"]ou and
[HCHO],y, respectively, stand for the outlet concentration.
In order to recognize the speciation of mercury in the outlet
gas, the mercury speciation conversion test was carried out.
This part was discussed in Supplementary material.

Sample characterization

Scanning electron microscopy (SEM) aimed to observe the
surface morphology and microstructure of the samples using
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Quanta FEG 250. The image of each sample was magnified to
%5000 and 12%CuMn/HBC also was magnified to x20,000.
To obtain the Brunauer-Emmett-Teller (BET) specific surface
area, average pore diameter, and pore volume of samples, a
Micromeritics Tristar IT 3020 analyzer (Micromeritics
Instrument Crop, USA) was used. All samples kept at
150 °C for overnight and the operating temperature main-
tained 77 K. The actual metal content in samples was got by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, SPECTRO BLUE SOP, Germany). The surface
characteristics of the samples were analyzed by X-ray photo-
electron spectroscopy (XPS). The K-Alpha 1063 X-ray pho-
toelectron spectroscopy (Thermo Fisher Scientific, UK) emit-
ted 72 W Al K radiation from micro aggregation monochro-
mator. Powder X-ray diffraction (XRD) patterns were mea-
sured using a Rigaku D/Max 2500 with Cu K« radiation
and the 20 range from 10° to 80°. The reducibility of samples
were performed by the hydrogen temperature-programmed
reduction (H,-TPR) operated in a quartz tube equipped with
a TCD detector (Peng xiang PX 200, China). An IR Prestige-
21 spectrometer (Shimadzu, Japan) at the room temperature
by the standard KBr disk method collected fourier transform
infrared spectrometer (FTIR) spectra.

Results and discussion
Samples characteristics
SEM

Figure 2 represents the SEM images of the prepared samples.
This figure revealed that the addition of metal oxide greatly
influenced the microstructure of the HBC. For 12%Cu/HBC
and some copper oxides were formed on the HBC surface.
However, on the 12%Mn/HBC surface (Fig. 2c), no deposi-
tions were observed. Figure 2d, e show 12%CuMn/HBC mi-
crostructure images under x5000 and x20,000 magnification,
respectively. 12%CuMn/HBC had no depositions on the sur-
face under x5000. Interestingly, Fig. 2e manifested the parti-
cles on the surface of 12%CuMn/HBC were observed which
indicated metal oxides successfully supported on the HBC
surface. During the preparation process, the interaction be-
tween metal precursors and HBC contributed to particles
smaller and higher dispersion. The highly dispersed metal
precursors on the surface of HBC could increase the catalytic
activity to promote great removal performance for HCHO and
Hg® (Xu et al. 2015).

BET

Table 1 shows the BET-specific surface area, average pore
size, and pore volume of samples. The BET-specific surface
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Fig. 2 SEM images of a HBC, b 12%Cu/HBC, ¢ 12%Mn/HBC, d
12%CuMn/HBC(5000 X), and e 12%CuMn/HBC (20,000 X)

area, average pore size, and pore volume of samples loaded
with active CuO-MnO, component were larger than those of
the biochar. This might generate new pores in the process of
impregnation and calcination (Sheng et al. 2017). Compared
with 12%Mn/HBC, pore volume and specific surface area of
12%Cu/HBC diminished, which was in consistent with the
results of SEM. Meanwhile, pore volume, BET-specific sur-
face area, and average pore size of 12%CuMn/HBC was
higher than that of 129%Mn/HBC and 12%Cu/HBC, which
might be owed to the interaction of copper oxides and man-
ganese oxides during the preparation process. At the same
time, when the total metal oxides value gradually increased
from 8 to 14%, pore volume and BET-specific surface area of
samples increased firstly and then reduced. 12%CuMn/HBC
had the highest pore volume and specific surface area, which
was in agreement with the best removal performance. High
surface area could supply more active sites and rich porous
structure, which would be beneficial to adsorption and diffu-
sion of reactant molecules (Tang et al. 2015). The 14% load-
ing value made pore volume and specific surface area of the
sample decrease due to the agglomeration of excessive metal
oxides and blocking the internal micropore of HBC (Wu et al.
2015). When loading value was same (12%Cu;Mn,/HBC,
12%CuMn/HBC, 12%Cu;Mn3/HBC), pore volume and
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Table 1 BET-specific surface

area, pore volume, and pore Sample Specific surface area Pore volume Average pore size

diameter of the samples (m?/g) (em®/g) (nm)
HBC 178.23 0.09 1.40
12%Cu/HBC 315.67 0.14 1.80
12%Mn/HBC 317.67 0.15 1.92
8%CuMn/HBC 318.20 0.15 1.94
12%CusMn,/HBC 307.13 0.14 1.80
12%CuMn/HBC 320.98 0.16 2.02
12%Cu;Mn3y/HBC 319.16 0.15 1.82
14%CuMn/HBC 308.94 0.15 1.88

surface area of samples reduced due to the increase of Cu or
Mn content. Moreover, the enhancement of Cu content had a
great effect on pore volume and surface area of samples in
contrast with the augment of Mn content. The order of BET-
specific surface area, pore volume of the samples roughly kept
consistent with the removal efficiency. Therefore, the BET-
specific surface area and pore volume of samples played im-
portant role in the activity of samples and removal
performance.

XRD

In order to distinguish the crystal structures of samples, the X-
ray diffraction profiles of prepared samples are displayed in
Fig. 3. A diffraction peaks at 20 = 26.482° was observed in all
samples attributed to Graphite-C (PDF4 97-003-1829) (Wu
et al. 2015). For 12%Mn/HBC, the diffraction peaks were
detected at 20 =28.717°, 36.241°, and 34.840°, 40.421°,
58.62°, 70.037°, 73.76° corresponding to synthetic-Mn3;04
(PDF4 97-007-6088) (Wang et al. 2012) and Manganosite-
MnO (PDF4 97-000-9864) (Guo et al. 2015), respectively.
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Fig.3 XRD patterns of (a) HBC, (b) 12%Mn/HBC, (c) 12%Cu/HBC, (d)
8%CuMn/HBC, (e) 12%CuMn/HBC, (f) 14%CuMn/HBC, and (g)
12%Cu;Mns/HBC, and; (h) 12%CuzMn;/HBC

The XRD pattern of 12%CuMn/HBC had no crystalline
MnO, manifesting a highly dispersed or amorphous state on
the HBC surface. Similarly, the main phase of 12%Cu/HBC
was Copper—Cu (PDF4 01-070-3039) (Zhang et al. 2015)
and no CuO or Cu,O diffraction peaks were viewed. But,
Cu?*, and Cu™ were detected by XPS. Therefore, copper ox-
ides were highly dispersed or existed as amorphous phase.
The analytic results above also were in agreement with
SEM. The amorphous or crystallite materials possessed enor-
mous structure distortion to give more active sites for catalytic
reactions comparing with crystalline materials (Liu et al.
2009; Zhang et al. 2017; Zhao et al. 2016a). Hence, HBC
support promoted the dispersion of Cu-Mn mixed oxides on
the surface and brought about high removal efficiency for
HCHO and Hg® which accorded with the results of experi-
ments and SEM. Increasing of the loading value, the high
intensity of the diffraction peaks increased and 12%CuMn/
HBC had a similar strength with 14%CuMn/HBC.

H2-TPR

H2-TPR investigated the reducibility of samples. As
displayed in Fig. 4, the hydrogen consumption peaks of three
sorbent-catalysts appeared around 610 to 640 °C attributed to
the gasification of carbon support (Trépanier et al. 2009;
Zhang et al. 2015). The H, reduction peaks of 12%Cu/HBC
arose at 253 °C and that of 12%Mn/HBC appeared at 257 and
441 °C belong to the reduction of manganese oxide species. It
was well documented that the hydrogen consumption peaks of
pure CuO occurred at 260 °C (Morales et al. 2006; Shiau et al.
20006). Besides, some examples indicated that three reduction
peaks of single-loaded Cu catalyst, respectively, attributed to
the surface dispersed CuO, small CuO crystallites, and bulk
CuO (Feietal. 2014; Sheng et al. 2017). Therefore, the peak at
253 °C might be related to small CuO particles. For 12%Mn/
HBC sample, it was reported that the temperature under
300 °C and above 300 °C attributed to MnOy species to
Mn;0,4 and Mn;0,4 to MnO, respectively (Tang et al. 2015).
For 12%CuMn/HBC, the peak at 246 °C was ascribed to
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12%CuMn/HBC
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Fig. 4 H,-TPR profiles of the samples

reduction of small CuO particles. The peak at 430 °C might be
assigned to the reduction of Mn;0,4 to MnO. The temperature
of 12%CuMn/HBC reduction peaks shifted to lower than that
of single samples declaring the presence of strong synergistic
effect between copper and manganese oxides (Delimaris and
Ioannides 2008; Tang et al. 2015). What’s more, the H, reduc-
tion peaks area of 12%CuMn/HBC was larger than that of
12%Mn/HBC and12%Cu/HBC, which indicated the combi-
nation of Cu and Mn oxides greatly enhanced redox ability of
sample. The sharp low-temperature reduction peak illustrated
metal particles with uniform particle size distribution were
highly dispersed (Xiaolan Tang et al. 2004). The difference
of reduction peak of small CuO particles between 12%CuMn/
HBC and 12%Cu/HBC contributed to the distinction of uni-
form CuO particle size distribution and dispersity. Obviously,
the low-temperature reducibility of 12%CuMn/HBC was in
good agreement with its excellent capacity for the removal
HCHO and Hgo. Contacted with results of BET and SEM, it
was found that the combination of Cu and Mn influenced
structural properties of samples, which contributed to promote
the catalytic activity.

XPS

The transformation of chemical state and different elements
content of fresh and spent samples were illustrated by XPS
characterization analysis. The spectra of Cu2p, Mn2p, Ols,
and Hg4f are depicted in Fig. 5. It was reported that the bind-
ing energy value of lattice oxygen (labeled as O,) ranged from
529.3 to 530 eV, binding energy at 531.2-532 eV were de-
fined as chemisorbed oxygen (labeled as Op), and the BE of
hydroxyl groups or/and adsorbed water species (labeled as
O,) occurred near 534 eV (He et al. 2016; Huang et al.
2014; Lietal. 2011b). As exhibited in Fig. 5a, the O1s spectra
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of'the fresh 12%Cu/HBC and 12%Mn/HBC were divided into
three peaks at 530 eV (Og), 531.9/531.4 eV (Op), and 533.5/
533.7 eV (O,), but only two peaks at 530 eV (O4) and
531.8 eV (Og) were observed in the fresh 12%CuMn/HBC.
It can be deduced that the synergistic effect between Cu-Mn-
mixed oxides increased the content of O, and Og as shown in
Table 2. After simultaneous removal of HCHO and Hg’ ex-
periment was implemented, the content of O, decreased from
31.82 to 18.21%, while Op decreased from 68.18 to 55.95%
and O, appeared as high as 25.84%. This situation manifested
Oy and Og took part in the reaction and the high content of Oy
and Og in 12%CuMn/HBC contributed to the great removal
performance.

It is reported that the XPS signal of Mn2p3/2 were sepa-
rated into three peaks at 641.4, 642.7, and 644.8 eV, respec-
tively, corresponding to Mn>*, Mn**, and the satellite (Tang
et al. 2015; Xingyi et al. 2009; Ye et al. 2013). The Mn*/
Mn** molar ratio are shown in Table 2. The more chemisorbed
oxygen existed on the surface of 12%CuMn/HBC with the
highest Mn**/Mn** molar ratio due to the form of Mn**-Op
Lewis acid-base pairs(Feng Quet al. 2013; Tang et al. 2015).
The addition of Cu could enhance Mn** content which had
strong synergistic effect between Cu and Mn. The Mn**/Mn>*
molar ratio of spent sample decreased from 2.43 to 0.84 which
indicated that the reduction of Mn** to Mn>* on the surface of
sample conduced to HCHO conversion and Hg oxidation in
the reaction (He et al. 2014).

As displayed in Fig. Sc, the XPS spectra of Cu2p was
divided into four peaks attributed to the Cu2p3/2 binding en-
ergy 0f932.8 and 934.4 ¢V, the shake-up peak at 942-944 ¢V,
and the Cu2pl/2 binding energy of 953-954 ¢V (Konsolakis
et al. 2013; Peng et al. 2014). Some literatures suggested that
BE at 934.2-934.5 eV, the Cu2pl/2 binding energy, and the
shake-up peak can correspond to Cu** (Tang et al. 2015) and
another Cu2p3/2 binding energy can be attributed to (Cu*+
Cu) (Peng et al. 2014; Zhang et al. 2015). Hence, Cu®* and
(Cu*+Cu) specie existed on the surface of 12%Cu/HBC and
12%CuMn/HBC which was in agreement with the presence
of Copper—Cu (PDF4 01-070-3039) in XRD results.
However, the used 12%CuMn/HBC contained three peaks at
934.4, 943.2, and 954.7 eV assigned to Cu** specie.
Therefore, Cu* specie shifted to Cu®* specie in the reactions.
From XPS analysis, the electron transfer between Cu and Mn
was summarized by the equation: Mn** + Cu™ < Mn** +
Cu2+, which was critical to the removal reaction of HCHO
and Hg".

Figure 5d shows the Hg4f spectrum of used 12%CuMn/
HBC. The peaks appeared at 100.8 and 104.8 eV ascribed to
HgO which indicated the oxidation of Hg" appeared on the
surface of 12%CuMn/HBC, and the peak of Si2p (SiO,)
corresponded to 102.5 eV (He et al. 2014; Li et al. 2015).
The XPS analysis illuminated that no characteristic peak of
adsorbed Hg” was tested on the surface of sample. It could be
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Fig. 5 XPS spectra of 12%Cu/HBC, 12%Mn/HBC, and fresh and used 12%CuMn/HBC over the regions of a O 1s, b Mn 2p, ¢ Cu 2p, and d Hg 4f

speculated that Hg® was easily sublimed at 45 °C, adsorbed
Hg" escaped from the surface of 12%CuMn/HBC at 175 °C:;
the content was below the limit of detection of XPS or when
the sample was treated before XPS analysis, Hg" fled (He
et al. 2014; Zhao et al. 2015). The Hg4f spectrum of used
12%CuMn/HBC indicated Hg” shifted mainly to HgO during
the reactions.

FTIR

FTIR spectra of 12%CuMn/HBC adsorbing different gas com-
ponents are shown in Fig. 6. The fresh 12%CuMn/HBC had
nearly no characteristic peaks. But the band at 3750 cm ™" ap-
peared the peaks of hydroxyl group bonding (Kwon et al. 2015).
The band occurring near 1369 and 2950 cm ' for used
12%CuMn/HBC were assigned as the symmetric stretch of

(COO) and the CH stretch of bidentate formate (Ivanov et al.
2009; Ma et al. 2011). This indicated the form of intermediate
products promoted ulteriorly the shift of HCHO to CO,. The
band at approximately 2370 cm™ ' was ascribed to the CO, vi-
bration. However, in the condition of HCHO + O, at 175 °C, the
vibration of CO, did not appear due to the release of CO, at the
high temperature. Some studies suggested the band at the range
of 1479-1575 ecm ' were attributed to NO,-containing com-
pounds accelerating Hg® oxidation and 1575 ¢cm™' can be as-
cribed to nitrite or nitrate species (He et al. 2016; Jin et al. 2010).
When SO, was added into the simulated flue gas, the band at
around 1120 and 1230 cm™" appeared. Hence, it can be ascribed
to the bidentate sulfato-metal surface complexes or bidentate-
surface (HSO, . SO,%) (Hongbo et al. 2007). Therefore, these
analyses indicated NO, SO,, and HCHO had competi-
tive adsorption, but the form of NO,-containing
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Fig. 5 (continued)
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Table 2 Elemental contents of 12%Cu/HBC, 12%Mn/HBC,
12%CuMn/HBC, and used 12%CuMn/HBC from XPS analysis

Sample Ratio of the oxygen ~ Cu™/Cu®* Mn**/Mn**
0. 0z O,

12%Cu/HBC 3.61 58.68 37.71 0.25 -

12%Mn/HBC 33.72 5647 9.81 - 1.32

12%CuMn/HBC 31.82 68.18 - 0.22 243

used 12%CuMn/HBC 18.21 5595 25.84 0 0.84

@ Springer

compounds promoted Hg’ oxidation. The intermediate
products were generated during the conversion process
of HCHO.

The performance of different samples
Effect of reaction temperature and loading value

A series of samples with different loading value of Cu-Mn-
mixed oxides were placed in a fixed bed reactor to study the
simultaneous removal efficiency of HCHO and Hg°.
Formaldehyde conversion and Hg0 removal efficiency of sam-
ples at the reaction temperature of 100-300 °C are shown in
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Fig. 6 FTIR spectra of fresh and used 12%CuMn/HBC. Reaction
condition: HCHO + O;: 6% O,, 100 ppm HCHO, N, as balance gas,
T=175 °C; HCHO + O, + NO: 6% O,, 100 ppm HCHO, 300 ppm NO,
N, as balance gas, 7=30 °C; and HCHO + O, + SO,: 6% O,, 100 ppm
HCHO, 400 ppm SO, N, as balance gas, =30 °C; 500 mL/min total
flow rate, GHSV = 13,000 h™*

Fig. 7. All samples at low or high temperatures (100 or
300 °C) presented poor removal capacity for HCHO and
Hg’. As displayed in Fig. 7, it was found the reaction temper-
ature had an obvious impact on the performance for simulta-
neous removal of HCHO and Hg’. The formaldehyde conver-
sion and Hg" removal efficiency firstly increased as the reac-
tion temperature increased from 100 to 175 °C and all samples
presented high removal efficiency of HCHO and Hg° at
175 °C. However, when the reaction temperature further in-
creased, catalytic activity decreased distinctly. In addition, it
was clear that the total metal oxides mass percentage influ-
enced the activity of sorbent-catalysts. It could be seen that
HCHO conversion performance of samples with loading val-
ue from 6 to 14% did not exhibit specific trend. While the
removal performance of Hg” firstly increased and then de-
creased with the increasing of loading value. 12%CuMn/
HBC had best removal efficiency of HCHO and Hg° at
175 °C corresponding to 89 and 83%, respectively. The pos-
sible reason was that the excessive metal oxides deposited
over the external surface of HBC, resulting in the decrease
of pore volume, average pore size, and specific surface area
of sample (as shown in Table 1). Besides, the ICP results also
indicated excess loading value (14%) did not make the actual
content grow obviously. The best removal performance of
12%CuMn/HBC may be contributed to the largest species
surface area and the high content of O, and Og as well as
highest Mn**/Mn*" molar ratio from XPS analysis. Besides,
H,-TPR results suggested 12%CuMn/HBC had good redox
properties.

The actual metal oxides value was obtained by the ICP-
AES (Table 3). The actual CuO and MnO, content in different
samples were a little higher than that in the academic loading
content on account of the decrease of biochar mass during
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Fig. 7 Effect of loading value and reaction temperature on the removal of
HCHO and Hg” over CuMn/HBC. a Formaldehyde conversion. b Hg’
removal efficiency. Reaction condition: 6% O,, 100 ppm HCHO, 70 png/
m® Hg®, N, as balance gas, 500 mL/min total flow rate, and GHSV =

13,000 b~

calcination process. The ICP results illustrated that actual
and academic loading value had little difference.

Effect of Cu/Mn molar ratio

Simultaneous removal of HCHO and Hg" of 12%Cu,Mn,/
HBC with diverse Cu/Mn molar ratios are displayed in
Fig. 8. The removal performance of HCHO and Hg" signifi-
cantly decreased when the molar ratios of Cu and Mn were
increased from 1:1 to 3:1 or reduced from 1:1 to 1:5. When
molar ratio of Cu and Mn was 1:1, the sample had best re-
moval activity of HCHO and Hg’. As displayed in Table 1,
12%Cu;Mn;/HBC possessed the highest specific surface area
and pore volume, and the specific surface area and pore vol-
ume of 12%Cus;Mn;/HBC and 12%Cu;Mns/HBC decreased.
It was inferred that the texture properties of samples were
influenced due to the change of Cu/Mn molar ratio. Besides,
when molar ratio of Cu and Mn was 1:1, the synergetic
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Table3  The actual metal content in different catalysts from ICP results
Catalysts Metal oxide content (wt%)
CuO MnO,

6%CuMn/HBC 295 3.25
8%CuMn/HBC 3.70 420
10%CuMn/HBC 4.90 5.48
12%CuMn/HBC 6.09 7.10
14%CuMn/HBC 6.79 7.67

interaction between Cu and Mn reached the best balanced
state. In contrast with 12%Cu/HBC and 12%Mn/HBC,
12%CuMn/HBC demonstrated great removal efficiency. The
reason was that the synergetic interaction between Cu and Mn

100

formaldehyde conversion (%)

100

0

Hg' removal efficiency (%)

S 4
R
Gl

NN NN N\

~

Fig. 8 Effect of different Cu/Mn molar ratios on the removal of HCHO
and Hg® over samples. a Formaldehyde conversion. b Hg® removal
efficiency.

Reaction condition: 6% O,, 100 ppm HCHO, 70 pg/m® Hg’, N, as
balance gas, 500 mL/min total flow rate, and GHSV = 13,000 hl
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oxides improved the reducibility of sample. HBC possessed a
better removal performance for formaldehyde and element
mercury comparing with BC. When carriers were different
(12%CuMn/BC and 12%CuMn/HBC), it was apparently
found that 12%CuMn/HBC had high removal capacity for
two pollutants.

Stability test of the sample

The removal efficiency of the stability test of samples as well
as the efficiency of HCHO conversion to CO, are displayed in
Fig. 9. The stability test of 12%CuMn/HBC continued for
48 h. Firstly, it was noted that the efficiency of HCHO con-
version to CO, was higher than 90%. For 15 h prior, the
removal efficiency of HCHO and Hg” were instability and
the later remained basically stability floating from 80 to
70%. Because of limited adsorption ability of sample and
the consumption of active site and component, the removal
efficiency of samples decreased during 48 h. After stability,
the removal efficiency of HCHO and Hg” still kept at around
70% which could gas-phase O, regenerated and replenished
Oy and Og (Li et al. 2011a; Zhao et al. 2016a). This test
indicated 12%CuMn/HBC had better stability to apply in the
practical application.

Effect of gas components on the removal of HCHO and Hg°

Figure 10 displays the impact of various gas components on
the co-removal of HCHO and Hg’. It was obvious that the
removal performance of HCHO and Hg? increased with the
increase of O, concentration from 0 to 12%. Compared with
absence of O,, the addition of 6% O, significantly improved
the removal efficiency of HCHO and Hg’. It may be deduced
that the lattice oxygen and the chemisorbed oxygen which
played a key role in the reaction were regenerated by gas-
phase O, (Li et al. 2011a; Zhao et al. 2016a). When 6% O,
further enhanced to 12%, the removal efficiency of
12%CuMn/HBC slightly increased. This phenomenon sug-
gested 6% O, was sufficient for Hg® oxidation as well as
HCHO conversion and excessive O, had little impact.

NO with 300 ppm or 600 ppm was added into total gas to
study the effect of NO. NO suppressed the HCHO removal
and promoted the Hg® removal. The inhibitive effect on the
HCHO removal may be inferred that NO took up the active
sites faster than HCHO due to its small molecular matter and
consumed O, and O to form the NO,-containing compounds
and nitrate observed in FTIR spectra (Sheng et al. 2017).
These adsorbed species had competitive adsorption with Hg”
and HCHO. However, the NO,-containing compounds of the
broad peaks at 14791575 cm ™' promoted Hg” oxidation (He
et al. 2016).

The effect of SO, also was investigated in the condition of
the addition of 400 or 800 ppm SO.. It was observed that the
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Fig. 9 Stability test of 12%CuMn/HBC for the removal of HCHO and
Hg’. Reaction condition: 6% O, 100 ppm HCHO, 70 pg/m® Hg’, N, as
balance gas, T'=175 °C, 500 mL/min total flow rate, and GHSV =
13,000 h™!

HCHO removal efficiency decreased from 89 to 75.1% in the
presence of 800 ppm SO, and the removal performance of
Hg® declined from 83 to 68.3%. The inhibitive effect of SO,
on the removal of two contaminants attributed to the compet-
itive adsorption between SO, and two contaminants
contacting with FTIR analysis and the generation of metal
sulfates on the catalyst surface (He et al. 2016). The form of
metal sulfates was irreversible which made the content of
active component decrease, then resulted in the decrease of
the content of lattice oxygen and surface active oxygen.
Besides, because SO4> belongs to strong-binding species,
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Fig. 10 Effect of individual flue gas components on the removal of
HCHO and Hgo over 12%CuMn/HBC. Reaction condition: 6% O,
100 ppm HCHO, 70 pg/m® Hg® N, as balance gas, T=175 °C,
500 mL/min total flow rate, and GHSV = 13,000 h™"

the reactions of Hg” oxidation and HCHO conversion were
suppressed (Saha et al. 2013).

Effect of HCHO and Hg°

The interaction effect between HCHO and Hg” is displayed in
Fig. 10. HCHO removal efficiency in the absence of Hg® was
slightly higher than that in the presence of Hg". It indicated
that the presence of Hg" had little suppressive impact on the
removal of HCHO because Hg” concentration (70 pg/m®) was
little than the HCHO concentration (100 ppm). However, the
addition of HCHO had a great influence on the removal per-
formance of Hg" decreasing from 95 to 83%. That reason was
that high HCHO concentration contributed to adsorption and
oxidation in competition process with Hg". The following had
detail experiment on the influence of the addition of HCHO.

As displayed in Fig. 11, the further experiment was imple-
mented to investigate the influence of HCHO on the Hg”
removal efficiency. It was found that after the addition of
HCHO, the removal performance of Hg” sharply decreased
because of the existence of competitive adsorption and oxida-
tion between HCHO and Hgo. After withdrawing HCHO, the
removal efficiency of Hg? recovered. This result indicated the
activity of sorbent-catalyst was not influenced. The reasons
were that HCHO combined with active cite and reacted with
surface active oxygen to generate gas-phase CO, which active
cite could be exposed and the addition of 6%0O, replenished
surface active oxygen.

Mechanism discussion

FTIR results illustrated the intermediate products (the sym-
metric stretch of (COO) and the CH stretch of bidentate for-
mate) generated during the conversion process of HCHO.
XPS analysis indicated that the copper and manganese oxides
existed on the surface of samples and had electron transfer.
Combined with characterization analysis and experiment re-
sults, the mechanism of HCHO removal was speculated.
Firstly, HCHO was adsorbed on the surface of samples.
Then surface active oxygen which was produced from CuO-
MnO, attacked the C—H of HCHO to form the formate and the
C—H of formate subsequently combined with the surface ac-
tive oxygen to produce bicarbonate species (Ma et al. 2011).
Then bicarbonate species attached H to form carbonic acid
which could decompose into CO, and H,O. The HCHO re-
moval mechanism was summarized as follows:

HCHO\ ) —HCHO 4y (3)
2Cu0—Cuy 0 + O° (4)
2MnO; + Cuy O—Mn, O3 + 2CuO (5)
2MnO,—Mn, 03 4 O° (6)
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Fig. 11 Effect of HCHO on the removal of Hg® over 12%CuMn/HBC.
Reaction condition: 6% O,, 100 ppm HCHO, 70 pg/m® Hg’, N, as
balance gas, T'=175 °C, 500 mL/min total flow rate, and GHSV =
13,000 h™'

HCHO\yq) + 2MnO>,—+CHO + H* + 0" + Mn, O3 (7)
*CHO + 0" —HCOO™ (8)
HCOO™ + H"—HCOOH (9)
HCOOH + 2MnO,—HCOO+ + H* + Mn,03 (10)
HCOO- + 0" —HCO5" (11)
HCO;™ + H' —H,CO;3 (12)
HyCO3—COyy) + Hy 0y (13)

XPS results illustrated lattice oxygen and Og participated in
the reaction and the electron transfer between Cu and Mn was
summarized by the equation: Mn** + Cu* < Mn** + Cu**.
The Hg4f spectrum in XPS analysis and the experimental data
indicated Hg® was mainly oxidized into HgO. It was reported
Hg" was oxidized by the lattice oxygen ([O]) which was pro-
duced by the metal transfer (Zhao et al. 2016b) or the
chemisorbed oxygen (Og) to generate HgO (He et al. 2014;
Zhang et al. 2017). Therefore, according to the characteriza-
tion results and other studies, the removal mechanism of Hgo
over CuO-MnO,/HBC was inferred as follows: firstly, gas-
phase Hg® was adsorbed on the surface of samples.
Subsequently, [O] and Og took part in oxidation reaction
which made adsorbed Hg” oxidize into HgO. Part of adsorbed
HgO shifted to gas-phase HgO. The mechanism was de-
scribed as follows:

02—>09 ( 14)
Hg® () —Hg’ ) (15)
2CuO—Cu, O + [O] (16)

@ Springer

2MnO; + Cuy O—Mn, O3 + 2CuO (5)
2MnO;—Mny 05 + O] (17)
Hg’ (4q) + [0]—HgO (18)
Hg' (4q) + 03—HgO (19)
HgO\,q—HgO,,, (20)

Finally, the addition of 6% O, made low chemical state of
metal oxides shift to high chemical state which could continue
to replenish surface active oxygen and lattice oxygen. The
equations were summarized as follows:

1
Mn203 + 502—>2MI’102 (21)
1
Cu,O(Cu®) + 5 0> Cu0 (22)
Conclusions

A series of CuMn/HBC sorbent-catalysts were prepared by
impregnating method and 12%CuMn/HBC showed greatest
removal efficiency of HCHO and Hg" at 175 °C. Coal-derived
flue gas is a complex mixture containing fly ash particles,
oxygen, moisture, carbon monoxide, and many acid gases.
A typical untreated flue gas derived from the combustion of
a US Low Sulfur Eastern bituminous coal can contain: 5-7%
H,0, 3-4% O,, 15-16% CO,, 1 ppb total Hg, 20 ppm CO,
10 ppm hydrocarbons, 100 ppm HCI, 800 ppm SO,, 10 ppm
SO3, 500 ppm NOy, and balance N, (Granite and Pennline
2002; Presto and E.J 2007; Presto et al. 2007). In the effect
of gas components of tests, O, had positive impact on the
removal of HCHO and Hg’. Besides, NO showed slightly
positive influence and SO, had an inhibitive effect on the
removal efficiency of Hg’, while NO and SO, both exhibited
prohibitive impact on the HCHO conversion efficiency. The
testing system employed in our work did not include CO, SOs,
NO,, and HCl species present in flue gas. There can be poten-
tial impacts of both carbon monoxide and acid gases such as
SO;, NO,, and HCI upon the capture of mercury, and this
could be a fruitful area for future study and research. In the
part of the interrelationship between HCHO and Hg’, the ad-
dition of HCHO had a great influence on the removal perfor-
mance of Hg’, but the presence of Hg” had little effect on the
removal of HCHO. 12%CuMn/HBC had the highest specific
surface area and pore volume from the characterization anal-
ysis. What is more, H,-TPR analysis showed the presence of
strong synergistic effect between Cu and Mn. MnO, and CuO
in the CaMn/HBC were highly dispersed or amorphous state
obtained from XRD and XPS analysis. XPS results illustrated
O and Og took part in the reaction and the high content of O,
and Og in 12%CuMn/HBC contributed to the great removal
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performance. Therefore, 12%CuMn/HBC is a promising
sorbent-catalyst for the removal of formaldehyde and elemen-
tal mercury. On the side, the attrition resistance of the sorbent
can be an important parameter for commercial applications
and it will be examined in future research.
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