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ABSTRACT: Co—Ce mixed oxides were loaded on commercial cylindrical activated coke granules (CoCe/AC) by an
impregnation method to remove gaseous elemental mercury (Hg’) from simulated coal combustion flue gas at low temperature
(110—230 °C). Effects of the Co/Ce molar ratio in Co—Ce mixed oxides, mixed oxides loading value, reaction temperature, and
flue gas components (O,, NO, SO,, H,0) on Hg’ removal efficiency were investigated, respectively. Brunauer—Emmett—Teller
analysis, X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis
(TGA), and X-ray photoelectron spectroscopy (XPS) analysis were employed to analyze the characteristics of the samples.
Results showed that up to 92.5% of Hg” removal efficiency could be obtained over Co,sCes/AC at 170 °C. The remarkably high
Hg removal ability of Co,sCes/AC mainly depended on the synergetic effect between cobalt oxide and ceria. Additionally,
different with the pure N, condition, the existence of O, and NO could increase Hg’ removal efficiency. SO, exhibited an
inhibitive effect on Hg" removal in the absence of O,. H,0(g) could slightly hinder Hg removal. The characterization results
exhibited that addition of cobalt oxide led to the excellent dispersity of CeO, on AC. TGA and XPS analysis results revealed that
the captured mercury species on the used Co,;Ces/AC mainly existed as HgO, and both lattice oxygen and chemisorption
oxygen contributed to Hg” oxidation. Furthermore, the mechanisms involved in Hg’ removal were identified.

1. INTRODUCTION (APCDs), such as wet flue gas desulfurization (WFDG), fabric
filter (FF), or electrostatic precipitations (ESPs). Conversely,
Hg’ is the most difficult to be directly removed by APCDs by
virtue of its high volatile, stability, and low water solubility.'>"?
As a result, development of viable technology for effective
removal of Hg" from flue gas is the primary objective and task
of mercury control. Currently, activated carbon injection
technology is one of the major commercially available
technologies for Hg control from coal-fired power plants,
especially activated carbon modified by sulfur, chloride, or
iodine."™" But its widespread commercial application is limited

Mercury (Hg) emission from coal combustion has attracted
increasing attention due to its high volatility, persistence,
bioaccumulation, and neurological toxicity."” According to the
report of 2010 statistics, the global anthropogenic mercury
emission reached 2.320 X 10°kg/a.’ The coal-fired power
plant, which contributed approximately one-third of the global
mercury emission, has been considered to be the largest
anthropoégenic source of mercury emission in the United
States.”° Many countries have taken efforts to reduce the
mercury emissions in recent years. On December 16, 2011, the ) ) ; ; S
U.S. Environmental Protection Agency (EPA) finalized the first due to its hlg}} operating cost, p oor capacity, low utilization
ever national standards to reduce mercury and other toxic air rate, and 11ge1%at1ve .effe.ct on the quality of fly ash as a conc'rete
pollution from coal and oil-fired power plants.” In China, where exténder. "7 So it is vital to develop ) novel commercially
the coal consumption is the largest in the world,® mercury avaﬂable‘materlals to improve tbe operating performance and
pollution from coal combustion is an important environmental meanwhlle reduce the. operating - cost of the. system  for
problem; the government issued the Emission Standard of Air contrglhng mercury emls.smns.from coal combu§tlon flue gas.
pollution for Thermal Power Plants (GB 13223-2011), limiting Activated coke (AC? 15 a kind of porous actlvatgd carbon-
the mercury emission from coal-fired power plants to 0.03 mg/ based efldsorbén.t which is not .adequately. actlvate.d or
m3’ In order to implement these stringent mercury control destructively distilled. Compared with conventional activated

regulations, effective control technologies for mercury removal carbon, first, AC supports could effectively resist abrasion and
are urgently needed. crushing during the operation and circulation process due to its

Mercury removal efficiency greatly depends on its forms in higher mechanical strength and better regeneration perform-

postcombustion flue gas. Mercury in coal combustion flue gas

generally presents in three forms: elemental (Hg’), oxidized Received: April 20, 2015
(Hg2+), and particle-bound (ng).lo’“ The Hg2+ and HgP can Revised:  September 1, 2015
be effectively removed by existing air pollution control devices Published: September 1, 2015
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Figure 1. Schematic diagram of the experimental setup.
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ance, which will reduce the amount of activated coke that is
needed during the Hg control process. Second, AC is
commercially available for industrial desulfurization, and it
has been reported to be effective for simultaneous removal of
SO,, NO,, and Hg" from flue gas at temperatures below 200
°C,"®" which would not only reduce the equipment and
operation costs, but also warrant higher boiler efficiencies.
Third, the price of activated coke is much lower than that of
activated carbon. These advantages grant AC-base technologies
promising prospects in industrial applications for Hg’ control.
AC has been proved to have excellent stability in Hg’
removal,” but virgin AC shows poor Hg" removal ability. It
has been reported that modified AC with metal oxides or
chlorides, or treated AC with different acids, can improve the
Hg’ removal capacity of AC.”"~** Mercury capture using metal
oxides has received tremendous attention because of the low
cost and environmental friendliness of metal oxide catalysts.
CeO, is active for the Hg’ oxidation due to its large oxygen
storage capacity and unique redox couple Ce®*/Ce*". Within
the redox shift between Ce** and Ce*, labile oxygen vacancies
and bulk oxy ygen species with high mobility can be
generated. 212526 Moreover, the combination of CeO, with
other metal oxides often affects the mobility of oxygen on their
surface, and the oxidation state of the element that is combined,
which would effectively affect the elements’ redox ability.””
Besides, cobalt-base catalysts have been found to have high
activity for Hg® oxidation. Mei et al.*® presented that loading of
Co,0, could increase Hg" oxidation ability of activated carbon,
and the spent sorbent could be regenerated through heating at
673 K under N, atmosphere. Liu et al.” found that the Co/
TiO, catalyst showed high Hg’ oxidation activities within the
temperature range of 120—330 °C. Zhang et al.*’ found that
the presence of CoO, led to a better dispersion and more
amorphous species of MnO, and rendered CogMn;,Ti a better
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Hg® oxidation ability. Due to the synergistic effect of active Co-
base and high oxygen storage-release ceria, Co;0,/CeO,
catalyst and Co;0,—CeQO, composite had been reported as
superior catalysts for low temperature CO ox1dat10n,31 3
methane oxidation,*”** and N,O decomposmon However,
Co—Ce mixed oxides supported on cylindrical activated coke
granular (CoCe/AC) by the impregnation method for Hg’
removal have not been reported.

This study investigated the performance of CoCe/AC on
Hg removal from simulated coal combustion flue gas at 110—
230 °C. The effects of Co/Ce molar ratio of Co—Ce mixed
oxide, mixed oxides loading value, reaction temperature and
flue gas components on Hg® removal efficiency were analyzed.
Meanwhile, essential analysis and characterizations of the
catalyst-sorbents have been conducted; the synergic effect
between cobalt oxide and ceria as well as the mechanism
involved in Hg" removal was investigated.

2. MATERIALS AND METHODS

2.1. Samples Preparation. The commercial AC (cylindrical
granule with diameter of S mm and length of 7—10 mm) was obtained
from Inner Mongolia KeXing Carbon Industry Co. Ltd., and the virgin
AC was washed with deionized (DI) water and subsequently dried in
an electric blast oven at 105 °C for 12 h.

The catalyst-sorbents were synthesized by impregnation method
using cobalt nitrate (Co(NO;),-6H,0) (AR, Tianjin Kemiou, China)
and/or cerium nitrate (Ce(NO;);-6H,0) (AR, Tianjin Kemiou,
China) aqueous solution as precursors and activated coke as support.
Co/AC and Ce/AC were prepared by the thermal decomposition of
(Co(NO,),-6H,0) and (Ce(NO;);-6H,0) loaded on AC, respec-
tively. The CoxCey/AC (where “x” refers to the Co/Ce molar ratio in
Co—Ce mixed oxides; “y” refers to total metal oxides mass percentage
(M/(M+AC), M = Co- and/or Ce- oxide)) were prepared by thermal
decomposition of (Co(NO;),-6H,0) and (Ce(NO,);:6H,0) mixture
loaded on AC. In order to identify the effect of Co/Ce molar ratio in
Co—Ce mixed oxides on Hg” adsorption capacity and physiochemical
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Table 1. Experimental Conditions

experiments and sorbents

flue gas components temperature (°C)

Set I Co,Ce o/AC, Co,y/AC, Ce,y/AC 6% O,, 12% CO,, 300 ppm of NO, 400 ppm of SO, 140

Set II Co,45Ce,/AC, Co,sCe,/AC, Co,sCes/AC, Co,sCes/AC, 6% O,, 12% CO,, 300 ppm of NO, 400 ppm of SO, 110, 140, 170, 200,
Co,5Ce o/AC 230

Set I Co4sCes/AC N,/(N, + O,) + individual flue gas component (NO, SO,), SFG, 170

SFG (8% H,0)

properties, the nitrates were mixed according to different Co/Ce molar
ratios (x) (x =1, 1.5, 2, 3, 4.5, 6,9) with y = 10 wt %, and dissolved in
deionized water to form the corresponding solution. To further
analyze the effect of metal oxides loading value on Hg® removal
efficiency, AC was impregnated by the mixed nitrate solution
corresponding to different concentration (y = 0, 2, 4, 6, 8, 10 wt %)
with & = 4.5 for 24 h. After impregnation, the impregnated samples
were dried in an electric oven at 105 °C for 12 h and then were
calcined at 450 °C under N, atmosphere for 4 h.

2.2. Mercury Adsorption and Oxidation Test. The apparatus
for performing of catalyst-sorbents’ adsorption and oxidation for Hg’
experiment is shown in Figure 1. The fixed-bed reactor was a quartz
tube (with inner diameter of 60 mm and 95 cm in length) placed
horizontally in a tubular electric furnace to keep the catalyst-sorbents
bed at the desired temperature. The modified activated coke was first
loaded in a small quartz tube with an inner diameter of 52 mm and 20
cm in length, the two ends of the bed are compacted with quartz plug,
and the small quartz tube was wrapped with an alkali-free band and
then loaded into the fixed-bed reactor. The elemental mercury
permeation tube (VICI Metronics, USA) was placed in a U-shaped
quartz tube which was immersed in a water bath with a constant
temperature of 60 °C, and a flow of pure N, (200 mL/min) that was
used as carrier gas passed through the Hg? permeation tube and then
gas-phase Hg? was generated. In our previous work,”* the quartz tube
and the Teflon tube were proven to have good chemical resistance and
inertness properties toward Hg’. The simulated coal combustion flue
gas (denoted as “SFG”) used in the experiments was a mixture of Hg"
(~105 pug/m?), 6% O,, 12% CO,, 300 ppm of NO, 400 ppm of SO,,
8% H,0(g) (when used) and balanced gas N,. Water vapor was
generated by using a peristaltic pump to transfer water into Teflon
tube that wrapped with temperature-controlled heating band and the
temperature was maintained at 110 °C. A flow of 100 mL/min heated
N, took the H,O (g) alone and mixed with flue gas. The total flow rate
of the flue gas was 1L/min and accurately controlled by mass flow
controllers, the corresponding gas hourly space velocity (GHSV) was
approximately 5.0 X 10°> h™'. All of the gases were sufficiently mixed
before passing into the reactor.

The experimental conditions are summarized in Table 1. In each
test, about a 18 g sample was packed in the middle of the fixed-bed
reactor. The inlet and outlet Hg” concentration were measured by RA-
91SM online mercury analyzer (LUMEX, Russia) with a detection
limit of 2 ng/m? which could measure the concentration of Hg". A
mercury speciation conversion system coupled with RA-915M
mercury analyzer was employed to measure Hg’ and Hg*
concentrations in the outlet flue gas when it necessary. The
specifications of the mercury speciation conversion system are
described in the Supporting Information. The mercury-laden gas
stream was first bypassed the reactor and passed through the RA-
915M online mercury analyzer until inlet Hg® concentration (Hg’;,)
was stable. Once thermal stability was reached, the gas flow was
diverted to pass through the fixed-bed reactor and maintained for 3 h.
At the end of each test, the mercury analyzer was switched to the inlet
of the reactor to verify the Hg’,, again. Water vapor was removed by a
condenser before accessing to the mercury analyzer. The total Hg°
removal efficiency (E,.,,) can be defined as
Hg’ - Hg’

Erem(%) — g in 0 8 out
Hg (1)

The Hg’,, and Hg’,,, represent the Hg" concentration (ug/m?) at
the inlet and outlet of the reactor, respectively.

in
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2.3. Samples Characterization. 2.3.1. Brunauer—Emmett—
Teller (BET). The Brunauer-Emmett—Teller (BET) specific surface
area and pore size distribution of the samples were determined by
nitrogen adsorption on a TriStar II 3020 analyzer (Micromeritics
Instrument Corp, USA). Each sample was degassed in a vacuum at 120
°C for 5 h. The specific surface areas were calculated by the BET
method. The average pore diameter and average pore volume were
obtained from the desorption branches of N, adsorption isotherm and
calculated by the Barrett—Joyner—Halenda (BJH) formula.

2.3.2. X-ray Diffraction (XRD). The X-ray diffractogram measure-
ments were carried out on Siemens DS000 powder diffractometer
operating at 35 Kv and 30 mA, and using nickel-filter Cu Ko radiation
to determine the crystal structure and dispersity of the sorbents. The
scanning range was from 10° to 80° with a step size of 2°/min.

2.3.3. Scanning Electron Microscopy (SEM). To further analyze the
properties of the sorbents, the morphology and surface structure of the
samples were observed by using scanning electron microscopy (SEM)
on S-4800 (Hitachi, Japan).

2.3.4. Fourier Transforms Infrared (FTIR) Spectroscopy. Fourier
transform infrared (FTIR) spectroscopy was recorded on a FTIR-
8400S IRprestige-21 (Shimadzu, Japan) spectrometer to qualitatively
measure the surface groups of the samples. The spectral region
between 4000 and 400 cm™' was scanned with a 2 cm™" resolution.
Before the analysis, the samples were grinded and then mixed with
KBr (SP, Sinopharm, China) in a ratio of 1:100 of a sample to KBr.

2.3.5. X-ray Photoelectron Spectroscopy (XPS). X-ray photo-
electron spectroscopy (XPS) analysis was conducted on a K-Alpha
1063 X-ray photoelectron spectrometer (Thermo Fisher Scientific,
USA) using 72W Al Ka radiation from micro aggregation
monochromator. Before the XPS characterization analysis, the sample
had to undergo two levels of vacuum pretreatment in order to obtain a
detection environment with a very high vacuum degree. First, the
samples were degassed for about 2 h in a prevacuum chamber reaching
a vacuum degree of 5 X 107 mPa, and then the samples were
transferred to analysis chamber and degassed for about 3 h reaching a
vacuum degree of 3 X 10~® mPa. The binding energies were calibrated
by C 1s (284.6 eV).

2.3.6. Thermogravimetric Analysis. The thermogravimetric anal-
ysis (TGA) was performed with DTG-60 thermal analyzer (Shimadzu,
Japan) to evaluate the thermal stability of the mercury species formed
on AC. Approximately 10 mg sample was used and heated from room
temperature to 600 °C with a heating rate of 10 °C/min under N,
atmosphere at a flow rate of 50 mL/min.

3. RESULTS AND DISCUSSION

3.1. Mercury Removal Performance. 3.1.1. Effect of Co/
Ce Molar Ratio. The effect of Co/Ce molar ratio of Co,Ce;,/
AC on Hgo removal was studied. As shown in Figure 2, the
Co,Ce,o/AC possessed a better Hg’ removal ability than Co,o/
AC and Ce;y/AC, indicating that a synergistic effect existed
between cobalt oxide and ceria in Co,Ce,,/AC, as adding CeO,
could lead to an increase in the amount of reducible Co®>* and
improve the redox ability of Co**/ Co* by facilitating the
mobility of adsorbed oxygen species,””*® which could enhance
the Hg0 removal efficiency. What is more, the Hg0 removal
efficiency first increased with the increase of Co/Ce molar ratio
from 1 to 4.5, and then decreased with the Co/Ce ratio further
increases to 9, indicating that an addition of suitable amount of
CeO, was favorable for Hg® removal efficiency. As the catalyst-
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Figure 2. Effect of different Co/Ce molar ratios (x) on Hg0 removal
efficiency over Co,Ce,o/AC. (Reaction condition: Hg® (~105 pug/m?),
6% O,, 12% CO,, 300 ppm of NO, 400 ppm of SO,, and balance gas
N,, 1L/min, GHSV = 5000h~", T = 170 °C.)

sorbent with Co/Ce molar ratio of 4.5 exhibited the best Hg°
removal ability, further studies were conducted on the
Co,sCe,/AC.

3.1.2. Effects of Loading Value and Reaction Temperature.
The Hg" removal performances over virgin AC and Co,sCe)/
AC at 110—230 °C under SFG condition were investigated. As
shown in Figure 3, all of Co,Ce,/AC exhibited better Hg’
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Figure 3. Effects of loading value and reaction temperature on Hg’
removal efficiency of Co,sCe,/AC. (Reaction condition: Hg® (~105
ug/m?), 6% 0,, 12% CO,, 300 ppm of NO, 400 ppm of SO,, and
balance gas N, 1L/min, GHSV = 5000 h™".)

removal ability than virgin AC, and the Co, Ces/AC exhibited
the best Hg’ removal ability among all the samples at the
temperature of 110—230 °C. Too small amount oxides loading
would supply insufficient active sites for Hg" removal, but
excessive oxides loading may cause the decrease in the specific
surface area and the dispersity of mixed oxides on the surface of
AC, which might be the reasons for the decrease in Hg0
removal efficiency. For the Co—Ce mixed oxides modified AC
with different loading values, the order of the Hg’ removal
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efficiency was as follows: 6 wt % > 4 wt % > 8 wt % > 2 wt % >
10 wt % > 0 wt %, which was not in accordance with the trend
of the BET specific surface area, implying that Hg® removal
efficiency of Co,sCe,/AC was attributed to the combination
effect of adsorption and oxidation.

Additionally, since chemical adsorption rates and reaction
rates generally increase as temperature increased, the Hg’
removal efficiency first increased along with the increase of
reaction temperature from 110 to 170 °C, but the sustained
growth of reaction temperature to 230 °C would lead to a
decrease in it. This phenomenon was likely a result of the
inhibition of the physisorption of Hg® which was crucial to Hg"
removal, as well as the desorption of the adsorbed HgO at the
higher temperature.”® The maximum Hg’ removal efficiency of
about 92.5% could be obtained over Co,Ces/AC at 170 °C.
These results manifested that Hg® removal over Co,sCes/AC
was influenced by temperature, and a proper reaction
temperature was beneficial for Hg’ removal. Therefore,
Co45Ce¢/AC and the optimal reaction temperature (170 °C)
were selected as default operational conditions in the following
experiments.

According to the Supporting Information, it can be found
that Hg2+ and Hg0 were coexisted in the outlet flue gas, and a
portion of mercury were captured on the Co,;Ces/AC. The
results verified that Hg” removal efficiency of Co,sCes/AC
resulted from the adsorption and catalytic oxidation of Hg’.

3.2. Samples Characteristics. 3.2.1. BET Analysis. The
BET specific surface area, pore volumes, and average pore
diameters of the samples are listed in Table 2. It can be

Table 2. BET Specific Surface Area and Pore Parameters of
the Samples

specific surface area pore volume  average pore size

sample (m*/g) (em?/g) (nm)
AC 295 0.143 1.94
Co,Ce,/AC 284 0.143 2,01
Co,<Ce,/AC 281 0.146 2.08
Co,<Ceg/AC 281 0.150 2.07
Co,<Ceyo/AC 280 0.162 231
Coé/AC 290 0.168 2.31
Ceys/AC 281 0.135 1.92

observed that the virgin AC possessed the highest specific
surface area of 295 m*/g, however, after loading with cobalt
oxide and/or ceria on AC support, the BET specific surface area
distinctly dropped with increasing of the mixed oxides content.
This indicated that Co—Ce mixed oxides mainly dispersed on
the external surface of the support, and excessive metal oxides
loading would result in agglomeration and blocking the internal
micropore of AC. However, the pore volume and averaged pore
size moderately increased to a certain extent except Ces/AC.
This can be explained by taking the pore size distribution into
consideration, as pore volume characteristic is determined
primarily by macropore and mesopore, with ascopore and
micropore as auxiliary.”” And partial thin pore walls may be
damz%ged by interaction between Co—Ce mixed oxides and
AC.

3.2.2. XRD Analysis. The XRD patterns of virgin AC, Cogs/
AC and Ceg/AC, and series of Co,sCe,/AC are shown in
Figure 4. The crystalline phases were identified by comparison
with Joint Committee Powder Diffraction Standards (JCPDSs).
For virgin AC, two strong diffraction peaks attributed to AC

DOI: 10.1021/acs.energyfuels.5b00871
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Figure 4. XRD patterns of virgin AC, Co,;Ce,/AC, Co,sCe,/AC,
Co,5Ces/AC, Co,sCe;o/AC, Cog/AC and Cey/AC.

were detected at 20 = 26.603°, 44.464° (JCPDS 25-0284).
However, the intensity of these peaks decreased or even
disappeared with the increase of Co—Ce mixed oxides content,
suggesting that there was interaction between the Co—Ce
mixed oxides and AC. The diffraction peaks at 26 = 31.249°,
36.836°, 65.220°, 74.076° (JCPDS 09-0418) in Co4/AC
belonged to Co;0,, and the peaks at 42.387° and 61.496°
(JCPDS 48-1719) were ascribed to CoO. This indicated that
Co050, and CoO were coexisted on the Coz/AC, and cobalt
species were predominantly in the form of Co;0,, which is
more active for Hg’ oxidation.”” In Ces/AC, the visible
diffraction peaks at 26 = 28.549°, 33.077°, 47.489°, and 56.326°
(JCPDS 04-0593) corresponding to CeO,. For Co,sCe,/AC,
the Co species and Ce species mainly existed as Co;0, and
CeO,, respectively. And no phase containing both Co and Ce
was observed, which indicated that there were no Co—Ce
composite oxides on the surface of Co,;Ce,/AC. In comparing
with the XRD patterns of Ces/AC and Cog/AC, the peaks of
CeO, and Co;0, on Co,sCe,/AC became much weaker and
broader; moreover, no obvious characteristic peaks for CeO,
were detected when the Co—Ce mixed oxides loading value was
equal or less than 6 wt %, implying the existence of cobalt oxide
led to an excellent dispersion of CeO, over AC, CeO, possibly
existed as highly dispersed or amorphous surface species in the
Co4,5Cey/AC,3’1’38 which was beneficial for Hg’ removal.

3.2.3. SEM Analysis. Figure 5 shows the SEM images of the
selected samples. It can be seen that the surface morphology of
AC was changed by loading with Co—Ce mixed oxides, which
were mainly dispersed on the surface of AC. It should be noted
that metal oxides on the Co,Ces/AC had the best dispersity
among the samples, and only a few agglomerates were
observed, whereas more agglomerates formed on the surface
of AC with further increasing in loading value, which was in
agreement with the results of the BET test. By combining XRD
and SEM characterization results, the highly dispersion of Co—
Ce mixed oxides on AC surface was favorable for the
outstanding Hg’ removal efficiency of Co,sCes/AC.

3.2.4. FTIR Analysis. The FTIR spectra of AC and fresh
Co,5Ces/AC were almost similar (Figure 6). The adsorption
peak at 3740 cm™" was ascribed to the stretching vibration of
the hydroxyl groups (OH) on the sample’s surface or the OH
of chemical adsorption,® while 1600—1400 and 1361 cm™'
regions were ascribed to C=C and C=N groups in the surface
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of AC,*" the absorption bands at 1120 to 1040 cm™’
corresponding to the phenol, or the C—0O, O—C—O bending
vibrations.”" The adsorption peak at near 1660 cm™' was
attributed to C=O stretching vibrations, as indicative of
carboxyl, carbonyl, and lactones." The results indicated that
AC-base catalyst-sorbents contained various functional groups,
such as OH, C—0O, and C=0 groups, which could provide
active sites for the physical and chemical adsorption of Hg’,
thus granting virgin AC the Hg’ removal ability to a certain
extent. In addition, loading of Co—Ce mixed oxides on AC by
the impregnation method in this study had little influence on
the surface functional groups structure of AC support, and we
speculated that the remarkably higher Hg’ removal ability of
Co,sCes/AC than AC mainly depended on the high dispersion
and the redox property of Co—Ce mixed oxides.

3.2.5. XPS Analysis. XPS analysis was performed to examine
the valence states of the elements on the surface of Coz/AC,
Cey/AC, the fresh and the used Co, ;Ces/AC. The O 1s spectra
of the samples shown in Figure 7 were fitted in three peaks,
including peaks at lower binding energy value 529.4—530.1 eV
(assigned to lattice oxygen from the Co—Ce mixed oxides
loaded on AC, denoted as O,), 531.4 eV (assigned to
chemisorbed oxygen or/and weakly bonded oxygen, denoted
as Op), (832.5 + 0.1) eV (assigned to the surface oxygen in
hydroxyl species or/and adsorbed water species, denoted as
Oy).37,42,43 The concentration of O, Op O, of the samples
were calculated by O, /Or, Oy /Of, and O, /O, Op = O, +
Oy + O, respectively. As summarized in Table 3, the Oy
concentration of Co, ;Ces/AC was higher than that of Cos/AC
and Ce4/AC, revealing that the combination of cobalt oxide
and ceria gave rise to more surface oxygen, which was beneficial
for Hg® removal.** It was noteworthy that the concentration of
lattice oxygen was clearly improved after being modified with
Ce—Co mixed oxides. Yet the ratio of lattice oxygen on the
used Co,Ces/AC declined to 43.7% as compared to the fresh
sample (54.5%), and the ratio of Oy decreased from 29.6% to
21.6% as well. These observations revealed that both lattice
oxygen and chemisorbed oxygen or/and weakly adsorbed
oxygen participated in Hg’ oxidation.

From the Co 2p spectra of XPS shown in Figure 8, it is
apparent that the Co species mainly existed as Co;0, phase
(779.7, 781.4, and 796.3 eV) and coupled with CoO (~786.1
eV, 802.7 eV)."”* The ratio of C0;0,/CoO was improved
from 1.25 to 1.55 after the catalyst-sorbent was modified with
CeO,, indicating that an addition of CeO, could affect the
oxidation state of cobalt, which was related to the oxygen
storage-release properties of CeQO,, and some oxygen in ceria
was incorporated into cobalt to form higher valence state of
cobalt.>**’ From Figure 8, great changes were observed after
the Hg” removal process, the peak at 779.7 eV disappeared, and
there was a chemical shift toward higher binding energies for
Co 2p as compared to the fresh Co,;Ces/AC; this fact may
result from the interaction between cobalt oxide and ceria
during Hg" removal process. The peaks shifted to higher
binding energy near 782.8 and 798.3 eV belonged to
C0;0,."**** Moreover, the peak area ratio of C0;0,/CoO
decreased from 1.55 to 0.74 after Hg’ removal process, and the
reduction of Co;O, contributed to Hg" oxidation.

The XPS spectra of Ce 3d for Ces/AC, the fresh and the
used Co, sCes/AC are shown in Figure 9. The peaks labeled as
v were assigned to Ce 3d;,,, and those denoted as u were
corresponding to Ce 3d3/,. The u/v, u,/v,, and uz/vs
represented the 3d'°4f° state of Ce**, while the doublet labeled
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Figure 5. SEM images of (A) virgin AC, (B) Co,;Ce,/AC, (C) Co,sCe,;/AC, (D) Co,sCes/AC, (E) Co,5Ce;o/AC, (F) Cog/AC and (G) Ces/AC.

u,/v, represented the 3d'°4f" initial electronic state correspond-
ing to Ce>*."** Both Ce*" and Ce*" oxidation states existed on
the surface of Ces/AC and Co,sCes/AC, and the Ce species
were primarily in the form of CeO,. The peak area ratio of
Ce*"/Ce* had a slightly change from 3.75 to 3.10 when cobalt
oxide was introduced, demonstrating that the valence state of
Ce ions decreased from Ce** to Ce** upon Co doping.*® The
presence of Ce®" species could create charge imbalance,
vacancies, and unsaturated chemical bonds on the surface of
sa.mples,51 which was highly active for Hg® removal; therefore,
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the increase in Ce®* concentration would bring about more
surface oxygen for Hg’ removal. Furthermore, the ratio of
Ce**/Ce* on the used Co,Ces/AC decreased to 1.80, which
indicated that CeO, on the Co,;Ces/AC participated in the
Hg® removal process.

On the basis of the XRD and XPS analysis, it can be
proposed that a synergistic effect existed between cobalt oxide
and ceria, which was in accordance with the effect of ceria to
maintain a higher valence state of manganese observed by
Imamura et al.”’ The combination of cobalt oxide and ceria
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Figure 6. FTIR spectra of (bottom) virgin AC, (top) the fresh
Co,sCeg/AC.
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Figure 7. O 1s XPS spectra for Cos/AC, Ces/AC, the fresh and the
used Ce,sCey/AC.

Table 3. Concentrations of Different Type Oxygen (O,, Op,
0,) in Co4/AC, Ces/AC, the Fresh and the Used Co, ;Ces/
AC

concentration of the oxygen

samples 0, (%) Oy (%) 0, (%)
Cogs/AC 46.7 28.5 24.8
Ceg/AC 522 29.0 18.8
Co,sCes/AC 54.5 29.6 159
used Co, sCes/AC 43.7 21.6 347

would make some CeO, transform to Ce,Os; namely, the
valence state of Ce ions decreased from Ce** to Ce*" upon Co
doping and meanwhile make some CoO transform to Co;0,,
which was related to the oxygen storage-release properties of
CeO,. The possible synergetic mechanism between cobalt
oxide and ceria can be explained by the following reactions:

Co,0, — 3CoO + [O] (2)
2CeO, + 3Co0 — Ce,0; + Co;0, (3)
Ce,0; + 1/20, = 2Ce0, (4)

used Co, Ce /AC Co2

4 782 8 781.4

(c) 7983 786.0 C0,0,/Co0
= " 779.7
o Co, Ce /AC S -
- (b) Co,0,/Co0
= 796.3 786.1 155
7] - d 35
c 802.7
z
=

Cog/AC 7797

Co,0,/Co0

1.25

810 805 800 795 790 785 780 775
Binding Energy (eV)

Figure 8. Co 2p XPS spectra for Cog/AC, the fresh and the used
Ce,sCeqs/AC.
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Figure 9. Ce 3d XPS spectra for Ces/AC, the fresh and the used
Ce,sCes/AC.

The XPS spectrum of Hg 4f of the used Co,;Ces/AC is
shown in Figure 10. The strong peak at 102.9 eV was ascribed

used Co, (Ce /AC Hg 4f

1029

Intensity (a.u.)

108 108 104 102 100 98

Binding Energy (eV)
Figure 10. Hg 4f XPS spectra for the used Ce,sCes/AC.
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to the Si 2p (SiO,), which is one of the components of
activated coke ash. And the peak at higher biding energy (BE =
104.4 eV) corresponded to the character of Hg 4f;, for HgO.”*
However, no adsorbed Hg0 was detected on the surface of the
sample, which may due to Hg" escaping when the sample was
treated prior to XPS analysis. On the basis of the XPS spectrum
of Hg 4f, it can be deduced that HgO was a major product of
Hg removal by Co, ;Ces/AC at 170 °C under SFG condition.

3.2.6. TGA Analysis. TGA was used to analyze the thermal
stability of virgin AC, the fresh Co,Ces/AC, and the used
Co, sCes/AC, which were held in the simulated flue gas stream
in the absent or present of Hg’; the adsorbed mercury species
on the used Co,;Ces/AC were analyzed as well. In Figure 11,

1.00

0.95 \
+ Lo, ;Ce /AC
—_— ~
3 w
< e
= 090 | .. Co, (Co/AC- He absent
.
0.85 |- 3

\
\

Co, (Ce/AC-Hg present

0.80 1 | L 1 1 1 L
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 11. TGA curves of virgin AC, the fresh and the used Co, ;Ces/
AC.

the initial weight loss below 110 °C was generally attributed to
the evaporation of adsorbed water. In the temperature range of
110—500 °C, the virgin AC exhibited negligible weight loss, a
slight and slow change in fresh Co, ;Ces/AC and the Co,;Ces/
AC- Hg absent, which is probably due to the interaction
between the Co—Ce mixed oxides and AC, but the weight loss
of the Co,sCes/AC- Hg absent was more obvious than that of
the fresh Co,;Ces/AC. The weight loss of Co,;Ces/AC- Hg
present during 110—270 °C was very slight, which was similar
to that of fresh Co,;Ces/AC and Co,;Ces/AC- Hg absent.
However, the quick weight loss between 270 and 500 °C was
mainly attributed to the decomposition of HgO formed and
desorption of little amounts of physically adsorbed Hg’ on the
Co,sCes/AC- Hg present,””>>>> which was consistent with
result of XPS analysis. The reasons causing the weight loss at
the temperature over 500 °C were complex, including the
decomposition of AC function groups,”* which was manifested
by the blank test of virgin AC. The TGA results implied that
the mercury species on the surface of used Co,;Ces/AC were
mainly in the form of HgO and a little amount of Hg’.

3.3. Effect of Flue Gas Components. Set III experiments
were carried out with Co,;Ces/AC at 170 °C to explore the
roles of flue gas components (O, NO, SO, H,0) in the
process of Hg’ removal. The results are summarized in Figure
12.

3.3.1. Effect of O, The Hg’ removal efficiency over
Co,5Ces/AC at 170 °C under pure N, gas flow was observed
as 51.6%, which may be due to the adsorption of Hg’, as well as
the reaction between Hg® and limited surface oxygen.” After
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Figure 12. Effects of individual flue gas components on Hg’ removal
efficiency of Co,sCes/AC. (Reaction condition: Hg’ (~105 ug/m?),
balance gas N, 1L/min, GHSV = 5000h™}, T = 170 °C.)

introducing 6% O, into the flue gas, the Hg’ removal efficiency
was greatly improved, whereas no obvious increase in Hg’
removal efficiency was observed when the O, concentration
was further increased to 10%. This indicated that O, in the flue
gas played an important role in Hg’ oxidation process, but
redundant O, concentration had little influence on Hg’
removal. On the basis of the results of characterization analysis
and the experiments, it can be speculated that mercury
oxidation over Co4 sCe¢/AC mainly follows a Mars-Masson
mechanism.**™>® In this mechanism, Hg first adsorbed on the
surface of the Co,sCes/AC and reacted with lattice oxygen to
form an adsorbed HgO, which would partly desorb into the gas
phase. The gas-phase O, could replenish the consumed lattice
oxygen ([O]) and chemisorption oxygen and then reoxidized
the reduced metal oxides,”” accordingly gas-phase O, is
essential to attain higher Hg" removal activity over Co,sCes/
AC. The redox cycle can be summarized as follows:

Hgo(g) + surface-AC — Hgo(ad) (s)
Co;0, = 3Co0 + [O] )
2Ce0, + 3Co0 — Ce,0; + Co,0, 3)
2Ce0, — [O] + Ce,04 (6)
[0] + Hg' ;) — HgO,, )

Hg0ug) = HeO (8)
3Co0 + 1/20, — Co,0, )
Ce, 05 + 1/20, = 2Ce0O, (4)

The overall reaction can be described as

0
Hg (g) + 1/202(g) - HgO( ) (10)

3.3.2. Effect of NO. Promotional effect of NO on Hg’
removal was observed over Co,sCes/AC at 170 °C. Hg’
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removal efficiencies were 55.6% and 61.0% with respect to 300
and 600 ppm of NO concentrations, respectively, which were
slightly higher than that under pure N,. An addition of 6% O,
into gas stream with 600 ppm of NO further increased the Hg°
removal efficiency to 90.9%. It has been reported that NO
generally adsorbed on the surface of the sorbents and then
could be oxidized by labile surface oxygen giving rise to NO,,*’
and NO, was demonstrated to improve the mercury oxidation
on the surface of the sorbents."**" The possible mechanism of
Hg" oxidation in the presence of NO can be depicted in
following eq 11 to eq 14. Addition of O, into the flue gas not
just replenished the surface oxygen that was consumed by NO,
but also drive the reaction eq 11, eq 13, and eq 14 to the right,
and thus greatly promoted mercury removal. Meanwhile,
volatile mercuric compounds (like Hg(NO;),) were generated.
However, these products were unstable and likely to be volatile
at the reaction temperature (170 °C),"*** and parts of them
may be emitted into the flue gas.

NO + 1/20, = NO, (11)
Hg’ + NO, — HgO + NO (12)
Hg" + 2NO, + O, — Hg(NO;), (13)
Hg’ + 2NO + 20, — Hg(NO,), (14)

3.3.4. Effect of SO,. As can be seen in the Figure 12, in the
absence of O,, the Hg removal process was inhibited by SO,.
With increase of SO, concentration from 400 to 1000 ppm, the
inhibitory effect was enhanced, while the inhibitory effect was
abated by introducing in 300 ppm of NO. The influence of SO,
on the Hg’ removal could be analyzed by the following aspects;
on the one hand, SO, could adsorb on the surface and active
sites of the samples, resulting in the competitive adsorption for
the similar active sites between SO, and Hg’, and that the
affinity between SO, and Co,;Ces/AC was stronger than that
of Hgo.64 On the other hand, SO, could react with metal oxides
on AC and make it ineffective for mercury oxidation. However,
when 6% O, was added into the flue gas with 1000 ppm of SO,
alone or coexisted with 300 ppm of NO balanced in N,, the
HgO removal efliciency was enhanced to 58.8% and 89.7%,
respectively. This observation demonstrated that Hg® removal
could be improved by SO, with the aid of O,, which can be
further facilitated by NO on account of the promotional effect
of NO. Besides, in the presence of O,, the existence of Ce*" on
the Co,sCes/AC lead to charge imbalance which would
promote the oxidation of SO, to SO; by chemisorption
oxygen(O*).> The produced SO; constituted new chem-
isorption sites for Hg” and could further react with Hg’ to
generate HgSO4,66 as shown in the following reactions:

SO, + O* — SO, (15)

Hg’ + SO; + O* — HgSO, (16)

3.3.5. Effect of H,0. H,O unavoidably existed in coal
combustion flue gas and generally has been reported to have a
great effect on the oxidation and removal of Hg’ over metal
oxides based catalysts.”> An inhibiting effect of H,0 on Hg’
removal was observed in this study. The addition of 8%
H,0(g) to the gas stream resulted in slightly decline of Hg°
removal efficiency, which could be interpreted by the
competitive adsorption between H,0(g) and Hg® for active
sites on Co,Ces/AC. Additionally, the adsorbed H,O
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possibly reacted with the SO; to generate H,SO,, and the
formed H,SO, could further react with Co—Ce mixed oxide to
form sulfates, such as CoSO,,*”*® which had adverse effect on
Hg’ removal. However, the Hg’ removal efficiency under
SFG(8% H,O) condition was still higher than that under pure
N,, which implied that the promotional effects of NO and SO,
on Hg’ removal over Co,;Ces/AC in the presence of O,, as
demonstrated above, still outweigh the adverse effect of H,O.

4. CONCLUSIONS

Co—Ce mixed oxides supported on commercial cylindrical
activated coke granular (CoCe/AC) were prepared by the
impregnation method, and its Hg" removal performances were
evaluated in a fixed-bed reactor system under simulated coal
combustion flue gas conditions at 110—230 °C. Results showed
that CoCe/AC catalyst-sorbents possessed better mercury
removal ability than virgin AC, Co/AC, and Ce/AC, which was
mainly attributed to the significant synergy of cobalt oxide and
ceria. A considerably high Hg” removal efficiency (>90%) could
be obtained at 170 °C by Co,;Ces/AC. Besides, O, and NO in
the flue gas were observed to promote the Hg’ removal
efficiency, SO, showed an inhibitory impact in the absence of
0O, on Hg0 removal, which can be abated by introducing of NO;
H,0(g) could slightly hinder Hg’ removal. The character-
ization results showed that loading of Co—Ce mixed oxides
resulted in the decrease of BET specific surface area, adding
suitable amount of cobalt oxide could lead to excellent
dispersion of CeO, on AC. The results of XRD and XPS
demonstrated that the CeO, and Co;0, were the main active
components, and coupled with a little amount of Ce,O; and
CoO on the surface of the catalyst-sorbents; additionally,
electronic transfer existed between cobalt oxide and ceria. TGA
and XPS analysis revealed that Hg’ could be oxidized by the
lattice oxygen (generated from the Ce*'/Ce* and Co**/Co**
redox couples) and chemisorption oxygen on the surface of
Co,5Ces/AC and mainly existed in the form of HgO. As
demonstrated above, the removal of Hg0 from coal combustion
flue gas by Co,sCes/AC has a promising industrial application
prospect. The regenerability and the simultaneous removal of
NO,, SO,, and Hg’ performance of the Co,Ces/AC need to
be further studied in the future.
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