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HIGHLIGHTS

® 7r-Mn binary oxides are found performing much better than manganese oxide.
® Higher BET area and more high-valence manganese play important role in mercury capture.
® O, could promote the oxidation of mercury while SO, would inhibit the mercury sorption.

® Spent sorbent could be facilely revivified by heating and washing treatment.
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To capture and recover mercury from coal-fired flue gas, a series of novel regenerable sorbents based on
Zr-Mn binary metal oxides were prepared and employed at a relatively low temperature. PXRD, TEM,
TPR, XPS, and Ny-adsorption methods were employed to characterize the sorbents. The Hg® adsorption
performance of the sorbents was tested, and the effects of the main operation parameters and the gas
components on the adsorption were investigated. Zr significantly improved the sorbent’s mercury capac-
ity, which was nearly 5 mg/g for ZrosMng50,. Furthermore, the spent sorbent could be regenerated by
heating to 350°C, and the highly concentrated elemental mercury released could be facilely recycled.
Therefore, a much greener process for mercury capture and recovery could be anticipated based on this

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The environmental hazard of mercury has attracted increasing
concern since Minamata disease first emerged in Japan in the 1950s.
Mercury has been classified as a high-priority pollutant in many
countries [1-5], and an international treaty on mercury pollution
will soon be agreed upon. The US EPA issued the first national
standards for mercury pollution from power plants in 2011. As
the largest mercury emission country in the world, China’s gov-
ernment has also paid increasing attention to mercury control. In
particular, the newly issued “Emission Standard of Air Pollutants
for Thermal Power Plants” (GB13223-2011) capped mercury emis-
sions. According to statistics, the main anthropogenic emitters of
mercury in China are coal-fired power plants and sintering pro-
cesses, among which most mercury was discharged with flue gases
[6]. The emission reduction of these sources is of great significance
for the control of mercury emissions in China.
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The existing forms of mercury in various flue gases are elemen-
tal mercury (Hg?), oxidized mercury (Hg2*), and particulate-bound
mercury (HgP) [7]. Most of the oxidized mercury is soluble in
water and can be removed through wet scrubber processes, and
particulate-bound mercury can be captured by ESP (electrostatic
precipitation) or bag house devices. Thus, elemental mercury,
which is neither soluble in water nor removable by ESP, is the most
intractable issue for mercury removal.

The state-of-art technology for flue gas mercury capture mainly
focuses on two groups: the co-benefit of SCR (selective catalytic
reduction), ESP and FGD (flue gas desulfurization), and activated
carbon injection (ACI). The combination of SCR, ESP, and FGD
first oxidizes the elemental mercury in the flue gas over an
SCR catalyst and then captures the oxidized mercury through
ESP or FGD. However, suitable catalysts are still under develop-
ment, and this process only transfers gaseous mercury into fly
ash, desulfurization slurry, or gypsum and therefore may cause
secondary pollution [8,9]. ACI produces high-efficiency mercury
removal from flue gas, but the economic value of fly ash is sac-
rificed due to its mixing with contaminated activated carbon
powder.
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Therefore, the development of a new process for flue gas mer-
cury removal is of great significance. A sorption and desorption
cycle based on a regenerable sorbent may be a more ideal mer-
cury control process due to its facile operation and low cost.
Sorbents are the core of sorption and desorption processes for
mercury removal from flue gas. Previous studies have reported on
silver- or gold-based sorbents that could be regenerated through
heating [10-14]. However, the mercury capacity of the sorbents
still needs improvement for industrial application, and the cost
of noble metals also limits their practical application. Therefore,
developing regenerable sorbents with high mercury capacity is
the key for the industrialization of sorption and desorption pro-
cesses[10,12,13,15].ZrO, nanoparticles are also an important topic
because of their applicability in high surface area catalysts, opti-
cal and electronic nano devices [16,17]. In our previous work
[18,19], manganese oxide modified with different metals showed
varying mercury removal capacities. The doping of zirconium into
manganese oxide is interesting as a possible way to improve the
sorbent’s performance; however, the performance of Zr-Mn binary
metal oxides for mercury capture has not yet been studied.

Herein, a series of novel sorbents were prepared, and their
mercury capacities were investigated to assess their potential for
mercury capture applications. The impact of space velocity on
the removal efficiency and the influence of flue gas components,
including SO, and O,, on the mercury capacity were experimen-
tally studied. The regenerability of the sorbent and the optimum
temperature for sorbent regeneration were also investigated.

2. Experimental
2.1. Sorbent preparation

The sorbents were prepared through the co-precipitation
method. The process is briefly described as follows. A given amount
of mixed metal nitrates was added to deionized water under
stirring until it was completely dissolved, after which the stoi-
chiometric amount of ammonia was added to the solution as the
precipitation agent under strong stirring for 2 h. For Zrg5Mng 50y,
20 mmol of Zr(NO3 )4 and 20 mmol of Mn(NO3), were dissolved in
80 ml of deionized water under stirring, after which 120 mmol of
ammonia was added to the mixed solution under strong stirring for
2 h. The precipitate was filtrated and washed 3 times with deion-
ized water, and the precipitate was transferred to a muffle furnace
and calcined at 500°C for 5 h. ZrOy, Zrp 25Mng 750y, Zrg 75Mng 250y,
and MnOy were prepared using the same procedure except with
different amounts of mixed metal nitrates and ammonia. All the
samples were ground to 40-60 mesh.

2.2. Sorbent characterization

Powder X-ray diffraction patterns (PXRD) were obtained on a
Rigaku D/max-2200/PC powder diffractometer using Cu Ko radi-
ation (40kV and 20 mA). A glass holder was used to support the
samples. The scanning range was from 10° to 80° with a scan-
ning velocity of 7° min~1. The XRD phases present in the samples
were identified with the help of JCPDS data files. The microstruc-
ture of the sorbents was characterized by transmission electron
microscopy (TEM). Samples were dispersed in ethanol with strong
sonication before the analysis, and the data were collected on
a JEM-2100 instrument (Japan, 20kV). Nitrogen adsorption and
desorption isotherms were recorded using a nitrogen adsorption
apparatus (Quantachrome Nova 2200e) at —196°C (the tempera-
ture of the liquid nitrogen bath). All samples were degassed for
3 h at 200°C before testing. The specific surface areas of the sor-
bents were calculated using the Brunauer-Emmett-Teller (BET)

method, and the pore volume and average pore size were calculated
using the Barrett-Joyner-Halenda (BJH) model. X-ray photoelec-
tron spectroscopy (XPS) measurements were made using an AXIS
UltraPP (Shimadzu-Kratos) spectrometer with Al Ka as the exci-
tation source. The C 1s line at 284.6eV was used as a reference
for the binding energy calibration. TPR (temperature programmed
reduction) tests were performed on a Micromeritics ChemiSorp
2720 TPx instrument with 10% H, /N, gaseous mixture as the reduc-
tant. The ramp rate was 10 °C/min from 50 to 900 °C. Samples were
purged with N, flow at 300°C for 2 h before testing. Differential
pulse voltammetry (DPV) curves were obtained using a CHI-650D
electrochemical workstation (Shanghai Chenhua) in KCl solution
with glass carbon as the working electrode, platinum wire as the
auxiliary electrode, and Ag/AgCl as the reference electrode. The
amplitude was 0.05V, and the pulse width was 0.05s.

2.3. Mercury capacity evaluation

The assembly used for elemental mercury capture consisted of
an elemental mercury permeation tube, a packed-bed reactor with
a parallel blank tube, a cold vapor atomic absorption spectrometer
(CVAAS), and an online data acquisition system. A tubular furnace
was employed to maintain the reactor at the desired tempera-
ture. N, was used as the carrier gas to yield a stable concentration
of elemental mercury. First, the signal baseline was calibrated by
bypassing the carrier gas from the mercury permeation tube, and
the carrier gas was then diverted into the mercury permeation
tube to generate a stable mercury concentration. Next, gaseous
influent with a stable mercury concentration was diverted into the
packed-bed reactor and the breakthrough curves were recorded by
an online data acquisition system. The reactor was packed with a
given amount of sorbents, and silicon wool was used as the support
to prevent sorbentloss. To create a mercury balance, areducing bot-
tle containing SnCl, solution was placed after the outlet of the first
CVAAS detector, and another CVAAS detector was used in tandem
with the first one. The signal from the second detector was almost
the same as that from the first detector; therefore, the Hg2* escap-
ing from the sorbent-filled bed in this experiment was considered
to be negligible, and the influent mercury was approximated as
equal to the adsorbed mercury plus the escaped HgP. To investi-
gate the effect of flue gas components, the breakthrough curves of
elemental mercury on Zr;_,Mn,Oy during the test time (10 h) were
integrated and compared, and the adsorption capacities of the mer-
cury were calculated according to Eq. (1). The adsorption capacity
was defined as the mass of elemental mercury that was converted
into HgO or other forms per mass of sorbent and was calculated as
follows:

15}
1 0 0
Q= m / (Hginlet - Hgoutlet) < fxdt (1)
fo

where Q is the adsorption capacity, m is mass of the catalysts (20 mg
in this experiment), f denotes the flow rate of the influent, and tg
and t; represent the initial and final times of the breakthrough
curves, respectively. The inlet Hg® concentration was approxi-
mately 0.9+0.05mg/m? (calibrated by Lumex RA 915%). It was
found that the capacity calculated here was consistent with the
results calculated from Lumex-Pyro-915* (relative deviation < 5%).

The process flow of packed bed experiments is sketched in Fig. 1.

3. Results and discussion
3.1. Characterization results

PXRD patterns were used to characterize the structure of the sor-
bents, as shown in Fig. S1. Zirconium oxide existed in the form of
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Fig. 1. Process flow of the mercury capacity assessment system.

Zr0O,, which conforms to pdf no. 651023, whereas manganese oxide
consisted of a mixture of Mn;03 (pdf no. 240508) and Mn304 (pdf
no. 160154). After doping zirconium into the manganese oxides,
the amorphous phase overwhelmed the sorbent, and almost no
peak attributed to the crystal phase was observed. The doped zir-
conium may have interacted with manganese oxide and prevented
manganese oxide from crystallizing, resulting in small amorphous
binary oxides. Although the prevalence of the amorphous phase
made it more difficult to identify the structure of the sorbents,
smaller amorphous particles may benefit the sorption performance
due to its high surface area.

The sorbent particle size may play an important role in the
adsorption capacity of the sorbent. Therefore, the microstructural
morphology of the sorbents was further characterized by TEM. As
illustrated in Fig. 2, although all of the sorbents used in this study
were nano-scaled, they still differed greatly in size. The single metal
oxide (MnOy) particles were much larger than the mixed metal
oxide particles. It was speculated that the doping of zirconium
into manganese oxide and the interaction between zirconium and
manganese prevented the crystallization of the binary oxides and
particle aggregation. As a consequence, the amorphous phase was
favored and smaller particles tended to form.

Surface area is another key parameter for a sorbent; larger
surface areas provide many more active sites for interactions
between the sorbent and sorbate, which usually leads to better
sorption or catalytic performance. As shown in Table 1, the spe-
cific surface areas of the single metal oxides (ZrO, and MnOy)
were much smaller than those of the mixed metal oxides. This
finding was consistent with the TEM results, which showed that
smaller particles had higher specific surface areas. In general, the
surface areas of the mixed metal oxides were much higher than
those of the single metal oxides. For example, the surface area

Table 1
N; adsorption and desorption results of Zr;_xMn,Oy.

BET surface Average pore Pore volume

area (m?/g) size (nm) (ml/g)
Zr0O, 28.460 11.440 0.208
Zr0.75Mno250, 144.499 4726 0.261
Zro5Mng 50y 148.912 4.804 0.291
Zro25Mng 750y 127.403 6.335 0.355

MnOy 5.338 3.719 0.080

of Zrg5Mng 50y, (approximately 150 m?/g) was much higher than
that of MnOy (approximately 5m?2/g). Although the surface area
was not the only factor that affected the sorbent capacity, it was
one of the most important.

To characterize the reducibility of the sorbent, H,-TPR curves
were recorded from 50 to 900°C. As shown in Fig. 3, the two
reducing peaks of MnOy at approximately 370 and 520°C could
attributed to Mn** reducing to Mn3* and Mn3* reducing to Mn?2*,
respectively [20,21]. Only one reducing peak was observed for the
ZrO, sample, which was located above 600 °C. These results indi-
cated that MnOy was chemically active whereas pure ZrO, was
relatively inert. However, it was interesting that the doping of
inert zirconium into manganese oxide modified the reducibility
of the binary metal oxides. The reducing peaks of Zrg5Mng 750y
and Zrp 5Mng 50y shifted substantially toward lower temperatures.
Although this shift for Zrg 75Mng 250y was less obvious, the shape of
the reducing peak was modified relative to that of MnOy. The result
supported the existence of an interaction between zirconium and
manganese in the binary metal oxides. Furthermore, the ratio of
Mn#*/Mn3* was calculated by integrating the areas of the reducing
peaks, and the results were listed in Table 2. The results revealed
that the doping of zirconium could significantly increase the Mn**
content relative to low-oxidation-state manganese species in the
binary metal oxides. In summary, the doping of zirconium could
not only enhance the reducibility but also facilitate the formation
of high-oxidation-state manganese.

The XPS spectra were obtained for the O 1s, S 2p, Hg 4f, and
Mn 2p regions to characterize the valence change before and after
adsorption. As shown in Fig. 4, for the fresh Zry sMng 50y, the peaks
at229.8and 531.1eV for O 1s could be attributed to transition metal
oxides and —-OH, respectively [11,19,22]. After adsorbing mercury
in the presence of 500 ppm SO, an emerging peak was observed
at 532.3 eV, which was attributed to oxygen in SO42~. This finding

Table 2

Mn#*/Mn3* ratio calculated by the integration of TPR peak areas.
Sample Mn#*/Mn3*
Zro75Mng 250y >100
Zro5Mng 50y ~10:1
ZI'[)_25M1’10_750y ~1.5:1
MnOy ~0.25:1
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Fig. 2. TEM images of manganese-based sorbents.

illustrated that metal sulfate formed on the sorbent surface during
the adsorption process in the presence of SO,.

The formation of metal sulfate was also supported by the S 2p
spectra. When the sorption was carried out without SO;, no peak
was observed in the S 2p binding energy region. When the reaction

— MnO

“ X

=

20

E Zrﬂ.ZSMn0.7SOx

Q

h Zro.sMno‘sox

Zr0.75Mn0‘250x
ZrO,
200 400 600 800

Fig. 3. H,-TPR curves of sorbents.

occurred in the presence of SO,, peaks at 168.7 and 169.9eV
appeared, which could be attributed to the sulfur of SO42~ and
HSO4~, respectively [11,19,22].

Hg 4f spectra were also collected to analyze the mercury species
on the sorbent surface. After mercury sorption, peaks at 101.3 and
105.5 eV were observed, which could be attributed to Hg 4f 7/2 and
Hg 4f 5/2, respectively [11,19,22]. No other significant peak could
be observed. This finding indicated that HgO was the main mercury
species at the sorbent surface after mercury sorption. After desorp-
tion at 350°C, no significant peak corresponding to HgO could
be observed. This result demonstrated that the adsorbed mercury
could be facilely released by proper heating.

The XPS spectra of Mn 2p also provided some interesting infor-
mation (see Table 3 for detailed results). Manganese mainly existed
as Mn** (642.2 eV) in fresh ZrgsMng 50y. After adsorbing mercury

Table 3

Manganese species distribution calculated by XPS results.
Sample Mn** Mn3* Mn?2*
Fresh Zros5Mng 50y 87% 11% 2%
After adsorbing mercury in Ny 71% 22% 7%
After adsorbing mercury in N, + O, 72% 4% 24%
After adsorbing mercury in N; + O3 + SO, 39% 34% 27%
After desorption at 350°C 39% 32% 30%
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Fig. 4. XPS spectra of O 1s, S 2p, Mn 2p, and Hg 4f.

at 100°C for 10h in the absence of O,, the Mn*" surface content
decreased, mostly through reduction to Mn3*. However, if the mer-
cury sorption was carried out in the presence of 4% O,, the Mn3*
formed could be further reduced to Mn2*. It was speculated O,
could catalyze the reaction that Mn3* oxidize Hg? on the surface
of Zrg5Mng 50y. For this reason, O, could improve the capability
of the sorbent to oxidize mercury. This mechanism could explain
why O, had a positive effect on the mercury capacity of the sor-
bent. Furthermore, if 4% O, and 500 ppm SO, were added into the
influent gas, the mercury capacity of the sorbent decreased slightly.
It was believed that SO, competitively occupied the active sites on
sorbent surface, which would prevent mercury from reacting with
the active manganese species.

Combining the XPS and TPR results with the macro-
experimental data, the following could be proposed as the main
pathway for mercury retention on the sorbent. Gaseous elemen-
tal mercury adsorbed on sorbent surface and was then oxidized to
HgO by zirconium-modified MnO, with the assistance of O,. Mean-
while, MnO, was reduced to MnO and thereby lost its mercury
capture activity. SO, could compete with elemental mercury for
active sites on sorbent surface and inhibit mercury sorption (the
main pathways were sketched in Fig. 5). The mercury adsorption
and oxidation reactions were reversible; mercury reduction and
desorption could occur after the conditions were changed. Because
the adsorption process was exothermic, a fairly low temperature
facilitated mercury adsorption. In contrast, the oxidation reaction
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Fig.5. Sketch of the mercury-sorbentinteraction mechanism on the sorbent surface.

required energy input to overcome the reaction barrier. Therefore,
temperature played an important role in the mercury removal per-
formance of the sorbent. At low temperatures, mercury adsorbed
onto the sorbent surface and was oxidized. At 350 °C, the oxidized
mercury was decomposed and desorbed from the sorbent surface.

3.2. Mercury retention test

As shown in Fig. 6, temperature played an important role in the
mercury capacity of the sorbents. In general, relatively low tem-
peratures facilitated the adsorption of mercury on the sorbents,
whereas temperatures above 200°C led to a significant decrease
in the mercury capacity of the sorbents. Although zirconium oxide
itself had little mercury capture capability, its doping into man-
ganese oxide significantly improved the mercury capacity of the
sorbent. This finding may be partially attributed to the enhance-
ment of the sample reducibility, as illustrated in the TPR test.
Zl‘(),25 Ml’lo.75 Oy, Zro,sMn0_5Oy, and ZI‘O'75MHQ'250y all dlsplayed gOOd
capacities from 75 to 200 °C. In particular, Zrg sMng 50y had a capac-
ity of nearly 5 mg/g at 100 °C, which was far higher than that for the
other sorbents (the comparison was shown in supporting informa-
tion Table S1). This finding was also consistent with the fact that
it had the highest surface area and Mn**/Mn3* ratio among the
sorbents studied.

777 x0,
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N 2sM1,250,
E 4 :I Zro.sMnu.soy
E T Zro,stnMsOy
e B MnO
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Fig. 6. Mercury adsorption capacities of the prepared sorbents from 75 to 350 °C.
Space velocity: 3.8 x 10° h~1, carrier gas: Ny +4% O,.

! Carrier gas: N +4% O,
_ 64 [ Carrier gas: N,+4% O,+500 ppm SO,
_q;, ) XY Carrier gas: N,
Al
S 1 N\

Fig. 7. Impact of O, and SO, on the mercury capacity of the sorbents at 100 °C. Space
velocity: 3.8 x 10° h1.

To investigate the impact of flue gas components on the mer-
cury capacity of the sorbents, SO, and O, were added to the influent
to simulate flue gas. As shown in Fig. 7, the addition of 500 ppm
SO, into influent somewhat decreased the mercury capacity of
the sorbents, possibly due to the formation of manganese sulfate,
which competed for the active sites for mercury adsorption. The
XPS and DPV results indicated the formation of manganese sulfate
(see supporting information for DPV results). In contrast, O, posi-
tively affected the mercury adsorption on the sorbent. When there
was no oxygen in the influent gas, the mercury capacity of the sor-
bents decreased significantly. This finding illustrated that oxygen
may participate in the sorption process and promote the conver-
sion of elemental mercury into its oxidized form. The mechanism
is discussed later.

Due to the relatively high mercury capacity of the sorbents, the
space velocities employed here were much higher than realistic
values to save time. As shown in Fig. 8, when the space velocity
was higher than 2.5 x 10° h~!, the mercury removal efficiency in
10 h was below 90% with N, and 4% O, as the carrying gas; how-
ever, when the space velocity was decreased to 1.9 x 10> h—1, the
removal efficiency was above 95% under the same conditions. If the
space velocity were decreased further, a much higher removal effi-
ciency could be achieved. Considering that the space velocity in real
cases is usually much lower, a highly desirable removal efficiency is

1.0 —— space velocity=3.8 x 10° h™'
! —— space velocity=2.5x 10° h™'
0.8 —— space velocity=1.9 x 10° h™'
—— space velocity=1.5 x 10° h”
o 0.6
Q
(6]
0.4 -

0.2 L///w
N

0.0

T . T T T T
0 100 200 300 400 500 600
t, min

Fig. 8. Breakthrough curves under different space velocities on ZrosMngsO, at
100°C.
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Fig. 9. Release of adsorbed mercury from spent ZrosMngsO, at 350 and 400 °C.

achievable if Zrp sMng 50y is employed as the sorbent for mercury
capture.

In addition to mercury capacity, regenerability is also very
important for a new-generation sorbent. As shown in Fig. 9,
the mercury adsorbed on Zry5Mng 50y could be facilely released
through proper heating. Heating at 350°C released most of the
adsorbed mercury from the sorbent surface (XPS results revealed
the release of the mercury from the sorbent surface at 350°C) and
high-concentration elemental mercury (beyond the detection limit
of the detector) could be recovered by cooling. Only a very small
amount of mercury was released by further elevating the temper-
ature to 400 °C. Therefore, a much greener process could be built
based on this regenerable sorbent when two parallel fix-beds are
used alternately (see Fig. S2). When one sorption bed is in operation
for mercury capture from flue gas, the other bed can be heated for
sorbent regeneration and mercury recovery. Through this process,
the mercury in flue gas can be separated and concentrated while
the flue gas is decontaminated.

Furthermore, the reusability of the sorbent is also crucial for
industrial application. Herein, the spent Zrg sMng 50, was regener-
ated at 350°C after adsorbing mercury in the presence of 500 ppm
SO, and then reused to investigate changes in its mercury removal
efficiency over 10 h (see Fig. S3). For the fresh sorbent, high removal
efficiency was observed. After desorbing at 350°C and washing
with water for 0, 5, and 10min, different removal efficiencies
were achieved. The sorbent lost most of its mercury capacity
without washing treatment. However, its capability for mercury
removal could to some extent be recovered through proper wash-
ing. The extent of the recovery depended on the washing condition.
Although the total removal efficiency was decreased, a removal
efficiency greater than 70% could be achieved when the des-
orbed sorbent was washed with water for 10 min. A much higher
efficiency may be achievable if the sorbent was washed under son-
ication.

Combining the characterization and experimental results, it was
speculated that manganese sulfate formed on the sorbent surface,
covering the active sites and preventing mercury from accessing
them. When the desorbed sorbent was washed with water, the
soluble manganese sulfate was washed away from the surface.
Therefore, the active sites on sorbent surface could be revived,
and its mercury removal capability could be recovered. To test this
hypothesis, the water used to wash the desorbed sorbent was col-
lected and analyzed by an electrochemical method (DPV) with KCI
solution (Fig. S4). The reducing peak potential of the DPV curve
was in good agreement with that of MnSOy4, which indicated that
the formed manganese sulfate could be facilely washed away from

the sorbent surface. Through the modification of the washing con-
ditions, a good recovery of the mercury removal efficiency could be
anticipated.

4. Conclusions

A series of novel regenerable sorbents based on Zr-Mn binary
oxides has been prepared and investigated to determine their
mercury capacity. ZrosMng 50, outperformed the tested sorbents,
with a much higher mercury capacity (5 mg/g sorbent) than the
other tested sorbents and the previously reported gold- and silver-
based sorbents (0.044-0.5 mg/g sorbent). High-valence manganese
species facilitated the oxidation of the adsorbed elemental mer-
cury. O, promoted the oxidization of the adsorbed elemental
mercury by Mn3* and thereby improved the mercury capacity of
the sorbent. Because of competitive adsorption with elemental
mercury, SO, would inhibit mercury adsorption and oxidation on
sorbent surface. However, through proper heating and washing
treatments, the spent sorbent could be facilely regenerated and
used repeatedly. Meanwhile, high-concentration elemental mer-
cury could be released and recovered by cooling. A much greener
process could be anticipated based on this high-performance
reusable sorbent.
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