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Abstract

A magnetically recoverable composite mercury removal sorbent was produced by

introducing magnetic y-Fe2Oz into attapulgite (ATT) (xFE1LATT) via coprecipitation
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method and used to remove Hg® in the simulated coal-fired power plant flue gas. The
as-prepared 0.5FelATT sorbent was characterized by XRD, BET, TEM, VSM, XPS
and FTIR analyses. The results showed that the Hg® removal performance of the
composite of y-Fe2Oz and ATT was significantly promoted compared to the pure -
Fe;O3 and ATT individualy. A relatively high magnetization value and good Hg’
removal performance were obtained by the sample of 0.5FelATT. O, could enhance
Hg® removal activity via the Mars-Maessen mechanism. NO displayed a significant
promotion effect on Hg removal as aresult of the formation of active species like NO
and NO*. SO, inhibited the removal of Hg® due to its competition adsorption against
HgP for the active sites and the sulfation of the sorbent. However, the introduction of
NO could obviously aleviate the adverse effect of SOz on the Hg® removal capability.
H-O showed a prohibitive effect on Hg? removal due to its competition with Hg? for
the active sites. The findings of this study is of fundamental importance to the
development of efficient and economic magnetic mercury sorbents for Hg® removal

from coal-fired boiler flue gases.

1 Introduction

Mercury pollution has attracted worl dwide attention due to the properties of extreme
toxicity, high volatility and strong bioaccumulation of mercury compounds in the
environment 12, Coal-fired power plants have been regarded as the main anthropogenic
source of mercury emissions > and almost account for one third of the total mercury

emission caused by human activities*. Mercury Treaty Negotiations were approved by
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the United Nations Environment Programme (UNEP) at the UNEP 25" GC Session for
the control of mercury °. The mercury species emitted from coal-fired boiler flue gases
exist in three forms: the elemental mercury (Hg®), the oxidized mercury (Hg?"), and
particulate-bound mercury (HgP) ® 7. Hg?" is water soluble and can be effectively
removed by wet flue gas desulfurization (WFGD) 8. HgP can be easily collected by
particul ate control devices (PCD) ® 1°, However, Hg? is extremely hard to be captured
by existing air pollution control devices (APCDs) due to its high volatility and low
solubility inwater 1. Hence, it isimperative to devel op efficient technol ogies to remove
Hg®. Many methods have been developed for the control of mercury emissions from
coal-fired boiler flue gases. By far, the injection of a sorbent upstream of the PCD to
remove Hg® from coal-fired boiler flue gases has been the most commonly used
technology 2. Among the various kinds of sorbents that applied to remove Hg’,
activated carbon (AC) iswidely considered as an effective mercury sorbent, which can
be ascribed to its developed pore structure, large specific surface area, and abundant
surface oxygen functional groups. Activated carbon injection (ACI) has been widely
used to remove HgP from coal-fired power plant flue gases. However, a high operating
cost isincurred with ACI as AC can only be used once. Furthermore, after capturing
mercury, the AC sorbents are normally collected by particulate devices together with
fly ash and this leads to an increase in carbon content of the fly ash and the
contamination of the fly ash by the captured mercury, negatively affecting the

commercial utilization of fly ash and hence impeding the application of ACI 34, To



aleviate these problems, many researchers have investigated the use of non-carbon
based sorbents, including calcium based sorbents *°, metal and metal oxides based
sorbents ¢ 7, metal—organic framework based sorbents * and fly ashes ° in recent
years. Ghorishi investigated the simultaneous removal ability of Hg®, SOz, and NOXx
using oxidized Ca-based sorbents and found the mercury sorption capacity of these
sorbents was comparable to that of the commercial AC *°. Sun et a. have found that
silver loaded 4A zeolite has a superiority Hg® removal efficiency and capacity due to
the fact that mercury can react with the active sites by Ag-Hg amalgamation %°.
M anganese oxide 2?2, cerium oxide %, iron oxide 2%, and copper oxide %° based sorbents
have always showed great Hg® removal ability due to the oxidation of Hg® to Hg?* by
the high valance metal ion and abundant chemisorption oxygen and lattice oxygen
species on the surface of these sorbents. However, the mercury removal sorbents
mentioned above are relatively expensive and therefore other cost-effective mercury
sorbents, such as clay materials which have been commonly applied as promising and
cheap catalyst supports 2% 2’ | must be found if they are to be used to remove mercury
from coal-fired boiler flue gases.

Attapulgite (adso caled palygorskite) is an environmentaly friendly hydrated
magnesium aluminum silicate natural mineral clay with chain layered crystal structures
which can be widely found around the world 2 2, Attapulgite (ATT) with avery low
price of only 15-20 USD/ton, is abundant in China, although, more than 60% of the

national deposits are located in Xuyi County, Jiangsu Province *. ATT has been



considered to be an ideal natural catalyst support exhibiting excellent activity and
chemical adsorption property due to its large specific surface and unique microporous
structure 3L, In addition, the surface of ATT can be used as a nucleation center to
stabilize nanoparticles, leading to the formation of a uniform metal compound /ATT
nano-composite %33, There areincreasing research efforts focusing on the modification
of ATT asacatalyst for the selective catalytic reduction (SCR) of NOXx in recent years
3335, However, few have investigated Hg® removal from coal-fired boiler flue gases by
using ATT. Although the palygorskite impregnated with CuCl> and CuBr, has been
used as aHg® removal sorbent and resulted in asignificant enhancement of the mercury
removal ability after modification %, it faces the same problems as an AC sorbent, i.e.
the cost of the one-time injection of the sorbent is too high and the mercury-laden
sorbent cannot be separated from the fly ash, hence leading to the contamination of fly
ash. Thus, it is imperative to develop a feasible approach to separate the mercury-
captured sorbent from fly ash. The magnetic material, such as maghemite (y-Fe2Os) can
be introduced to sorbents to separate them effectively by an external magnetic field 7.
The combination of magnetic material and ATT for the application of water pollution
remova has been verified as a promising way to recover the ATT particles from
agqueous solutions % %, To the authors knowledge, the related research on the
combination of magnetic medium and ATT for mercury removal has not been reported

so far in theliterature.



In the present work, the magnetic ATT composite was first synthesized through the
co-precipitation method, and then applied as the mercury sorbent to investigate the HgP
remova performance in a fixed-bed reactor set-up. The effects of the magnetic
medium/ATT loading mass ratio, reaction temperature, and flue gas composition on the
HgP removal efficiency were studied. The main objectives of this study were to conduct
apreliminary assessment of mercury removal from the simulated coal-fired flue gas by
magnetic ATT composite sorbents and to find adsorbents with excellent recovery
performance and high mercury removal efficiency. The results of this research can
provide further insight into the development and application of cost-effective magnetic

sorbents for mercury removal from coal-fired boiler flue gases.

2 Experimental
2.1 Preparation of magnetic ATT sor bent

The raw mineral attapulgite was obtained from Dingbang Co. (Changzhou, China)
and other chemical reagents used in this study were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China) in analytical grade.

The preparation procedure for the magnetic ATT composite is as follows. The raw
ATT was first pretreated with deionized water to wash off the surface soluble
impurities. Then the obtained ATT was dispersed in deionized water to form dispersed
slurry under vigorously stirring conditions and the required amounts of FeCl, and FeCls
(with amole ratio of Fe?*/Fe* of 1:2) were added to the ATT dispersion. Further, the

NH3-H20 solution was dropwise added into theiron chloride ATT mixed sol ution under
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vigorously stirring conditions until the pH value reached about 9. The dispersion was
kept being stirred at 60 °C for 3 h. After that, the sediment was centrifuged and washed
thoroughly with deionized water and ethanol for several times. Finally, the sample was
dried at 100 °C for 10 h, followed by calcination at 250 °C for 4 h under air atmosphere
to obtain the y-Fe2Oz/ATT composites. The pure y-FeoOs was prepared by the same
method without the addition of ATT. The y-Fe2Os/ATT composites are denoted as
xFelATT, where Fe represents y-Fe2Os, ATT represents attapulgite, and X represents
the mass ratio between y-Fe2Oz and ATT. The values of x wasfixed at 0, 0.2, 0.5, and
1, respectively. ‘x=0" representstheraw pure ATT which was dried and calcined under
the same condition as that of xFELATT composites. The preparation of the XFelATT

samplesisillustrated in Fig. 1.

&
2 K © 02 p ’ a
¥ 4 ) " a T Yy Q] " .
S =3 FeCly'6H,0 Fe' }"e% e \—H_}H ) L ¥ .‘_.. X {-" ey
= s | ol =] 3 2 4 ° . ‘. ._0“_& :" |
9 ' v or.2 ll S > @ 4
: i Fe v L ] [ ] 1 ] e
FeCl,-6H,O : Vo e (X ] P E:
=} 2 2 =0T s * Sow e® o oty
e =} Fe o® * 250°C
Fe™ . [
®Fe;0, Attapulgite 1-Fe;, 04/ Attapulgite

Fig. 1 Schematic of the synthesis of magnetic attapul gite composites.

2.2 Characterization of sorbent

The crystal structure of the prepared samples was identified by a powder X-ray
diffraction (XRD) with a XD-3 X-ray diffractometer using Cu Ka radiation in the range
of 10°-80° at room temperature. The micrograph structure of the sorbents was analyzed

by transmission electron microscopy (TEM) (JEM-2100, JEOL, Japan). The BET
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specific surface area (SSA) and pore structure of the sorbents were obtained by N>
adsorption-desorption in a constant volume adsorption apparatus (Gold APP) at the
liquid-nitrogen temperature of 77 K. The magnetism of the magnetic samples was
determined by a physical property measurement system with a vibrating sample
magnetometer (Lakeshore, VSM). The XPS measurements were acquired by a K-a
spectrometer (ESCALAB 250X1, Thermo, US) at room temperature under ultra-high
vacuum. All binding energies of the samples were calibrated using the reference carbon
(C 1s) peak at 284.8 eV. The surface groups of the samples were determined by Fourier-
transform infrared (FTIR) spectra (1S10, Thermo, US). Mercury temperature
programmed desorption (TPD) tests were carried out as follows: after the HgP
adsorption at 150 °C for 90 min over 0.5FelATT under different reaction conditions,
the mercury loaded sample was purged with N2 at 35 °C for at least 30 min in order to
make sure the outlet mercury concentration was below 1pg/m?, then the sample was

heated from 35 °C to 680 °C at heating rate of 10 °C /min.

2.3 Experimental appar atus

The evaluation of mercury removal ability with different sorbents was performed in
afixed bed flow quartz reactor (Fig. 2). The compressed gas cylinders comprised of N,
02, NO, and SO were used to provide different gas componentsfor the simulated coal -
fired boiler flue gas. The total flow rate of the simulated flue gas was precisely

controlled to be 2 L/min by mass flow controllers. The micro-injection pump was used



to inject water into the Teflon tube which was wrapped with heating lining and heated
to 110 °C so that water vapour with a desired concentration was generated. The carrier
gas (N2) with a flow rate of 400 ml/min was purged through a mercury permeation
device placed in a sealed U-shaped quartz tube to introduce a continuous feed of HgP
(about 90 + 0.2 pug/m°) to the reaction system. The relatively high Hg® concentration in
comparison to that of the real flue gas of acoal-fired boiler was used to avoid/minimize
experimental errors. The adsorption tests were carried out by using 200 mg prepared
sorbents locating in a quartz glass tube reactor with an inner diameter of 8 mm and
length of 80 mm. The glass tube reactor was placed in atemperature controlled tubul ar
furnaceto realize an intended reaction temperature with fluctuationslessthan 2 °C. The
sorbents was grinded into 40 - 60 meshes particles (i.e. 250 - 425 um), and the gas
hourly space velocity (GHSV) was controlled to be about 4 x10° ht. The HgP removal
performance of each selected sorbent under various flue gas compositions atmosphere
was determined at 150 °C which more or less reflected the rea flue gas temperature of
coal-fired boilers *°. The Hg® concentration of the outlet gas was detected by an online
continuous vapour-mercury analyzer with the accuracy of 0.1 ug/m? and the detection
limit of 0.1 ug/m® (VM3000, Mercury Instruments, Germany). The exhaust gas
containing uncaptured Hg® and other gas components was passed through a NaOH
solution and an activated carbon filter before discharge. The simulated flue gas was
diverted to the bypass line for the determination of the baseline of primary inlet HgP

concentration before each test.



The HgP removal efficiency n was calculated according to the following equation:

n= (l_cout/Cin) (1)
where Cin and Cou represented HgP concentrations of the inlet and outlet of the fixed-

bed reactor, respectively.
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Fig. 2 Experimental schematic diagram of mercury adsorption fixed bed system.

3 Reaults and discussion

3.1 Sample characterization

The crystal phase of ATT and XFELATT samples was determined by XRD analysis
(Fig. 3). The typical diffraction peaks at 20 values of 13.7°, 19.9° 26.7°, and 35.3°
correspond to the primary diffraction of the (2 00), (04 0), (400), and (1 6 1) planes
of ATT (JCPDS No. 00-021-0550), respectively, indicating the high layer chain
structure of ATT 384443 After the introduction of y-Fe,Os into ATT, the characteristic

peaks of ATT became weak apparently. The peaks at 26 = 30.3°, 35.7°, 57.4°, and 62.9°
10



can be ascribed to the planes (22 0), (31 1), (51 1) and (4 0 0) of y-Fe2Os, according
to the JCPD standards of y-Fe»Os (JCPDS No. 39-1346) %> %, The intensity of the y-
FexOs peaks strengthened gradually with an increase in the y-Fe2Os loading amount.
These results imply that the magnetic xFeIATT composites had been successfully

synthesized.
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Fig. 3 XRD patterns of pure ATT and XxFelATT samples.

The TEM analysis was performed to study the surface textures and morphologies of
the prepared sorbents. As shown in Fig. 4 (), the typical TEM image of ATT reveds
that ATT contains a smooth rod-like morphology with an average diameter of 20-40
nm and a length of 400-800 nm. Such fiber structure favours the loading of the metal
oxide particles on its surface *. After the introduction of y-Fe2Os (Fig. 4 (b-d)), small
particles appear on the surface of ATT with the diameter of 3-10 nm, indicating the

successful loading of iron oxide. More particles appeared on the surface of ATT and
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the aggregation of the particle could aso be observed at the same time with the
increasing loading of y-Fe>Os as shown in Fig. 4 (c) and (d). A serious aggregation of
particles could be observed for 1Fe1ATT with the highest loading amount of y-Fe2Os
as shown in Fig. 4 (d), which is detrimental to the dispersion of the active substance

and, hence, impairing the Hg® adsorption ability.

SN
#

o

100 nm

Fig. 4 TEM images of pure ATT (&), 0.2FelATT (b), 0.5Fe1ATT (c), and 1Fe1ATT (d)

samples.

The nitrogen adsorption-desorption isotherms of XFelATT samplesare shownin Fig.
5. It can be seen that the isotherm profiles of all samples display atype 11 adsorption
isotherm, according to the IUPAC classification, which indicates that all samples are of

the mesoporous structure *. The SSA, total pore volume and average pore size
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properties of the samples (y-Fe2Oz, XFELATT) are shown in Fig. 6. It can be observed
that the BET surface area of the samples follows a descending order: OFE1ATT >
0.2FelATT > 0.5FelATT > 1Fel ATT > y-Fe203. Theraw ATT possessed the largest
SSA and the largest pore volume, resulting in its large adsorption capacity. When v-
FexOs was loaded onto ATT, both the BET surface area and pore volume of the
modified samples decrease gradually. The average pore diameter was decreased
initially after the introduction y-Fe2Oz of into ATT, but then increased with the increase
of y-Fe20z loading mount. This might be ascribed to the newly formed macropores on
the surface of ATT due to the excessive loading of y-Fe2Os, and the blocking of the
inner pores of ATT. The pure y-Fe2O3 had the lowest surface area indicating a small
area contacting with gaseous mercury, which might go against the adsorption and

oxidation reaction of gas-solid reaction.
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Fig. 5 N2 adsorption—desorption isotherms obtained at 77 K of XFelATT samples.
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Fig. 6 Specific surface area and pore structure of the pure y-FeoOs and XFEIATT

samples.

A key feature of the prepared sorbents is the magnetic characteristic, which makes it
capable to be separated from the fly ash and then captured by the PCD. The magnetic
hysteresis curves of the y-Fe2O3 modified attapulgite composites are shown in Fig. 7.
Negligible coercivity and magnetization hysteresis of the samples were observed,
indicating the successful synthesized of superparamagnetic sorbents. The saturation
magnetizations of the y-Fe2Os and xFE1ATT (x=0.2, 0.5, 1) were 45.1, 29.5, 18.0, and
5.2 emu/g, respectively. The insert photograph in Fig. 7 demonstrates that the prepared
0.5FelATT samples could be separated from the mixture of 2.0 g of sand and 0.2 g of

0.5FelATT sorbents by an external magnet.
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Fig. 7 Magnetization characteristics of y-Fe2O3, XFelATT and SO reacted samples.

The XPS spectra were obtained for the O 1s, Fe 2p, and Si 2p regions to
characterize the surface elements valence state of the fresh sorbent, as shown in Fig. 8.
Four peaks at about 530.2 eV, 532.1 eV, 533.1 eV and 534.3 eV were observed on the
0.5FelATT (Fig. 8 (a)), which can be attributed to lattice oxygen in metal oxides (Or)
37 chemisorbed oxygen (O*) %, lattice oxygen in silicon oxides (Os) % and oxygen
existsin chemisorbed water (Ow) %/, respectively . Asshownin Fig. 8 (b), the two main
peaks appeared at 711.6 eV and 725.3 eV which can be ascribed to the Fe 2pz» and Fe
2p1s2 Spectra, respectively %, The pesk at around 718.3 eV can be seen clearly, verifying
the presence of y-Fe2Osz in sorbent, which is consistent with the previous reports > 4,
Besides, the spectra of Fe 2ps2 can be fitted into three characteristic peaks *°: the peak

centered at about 710.2 eV which is assigned to the Fe?* ion and the peaks center at

711.5 eV and 713.8 eV which can be attributed to Fe>* in octahedral
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coordination and Fe** in tetrahedral coordination, respectively *°. As shownin Fig. 8

(d), the peak at about 103.1 eV over the fresh sorbent can be ascribed to Si 2p 6.

(b) N, +0,1S0, Fe 2
O pe— _ [N2+0,50, Fe 2]

725.1 7|2-'K 711.4

Intensity (a.u.)

Intensity (a.u.)

538 536 534 532 530 528 526
Binding energy (eV)

730 720 710
Bingding energy (eV)

d;
@ [N+0,+50, He 4E|
V

©)
N,=0,+50, S Zpl

; » ) 103.0
< : i

;:\ \S N,+0, Hg 4f|

= D=1

e @B

S <
a =
k|
Fresh Si 2p 3/2|
166 168 170 172 174
Binding energy (¢V)

107 106 105 104 103 102 101 100 99 98 97
Binding energy {(eV)

Fig. 8 XPS spectraof O 1s(a), Fe 2p (b), S2p (c), and Hg 2p (d) over fresh and spent

0.5FelATT samples.

In order to investigate the surface groups of the 0.5Fe1ATT sample, FTIR anaysis
was performed as shown in Fig. 9. The peaks at around 483 and 1050 cm* are attributed
to the Si-O-Si bonds *. The peaks at about 1610 and 3490 cm™ can be assigned to the
bend vibration of zeolite water % The band at about 630 cm™ can be ascribed to Fe-O
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stretching modes of tetrahedral and octahedral sites in the inverse spinel structure of y-
FexO3 . The results of FTIR analyses indicate that the successful corporation of y-

FeOsinto attapul gite was achieved in this work.
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Fig. 9 FTIR spectra of the fresh, NO and SO- reacted 0.5FelATT samples.

3.2 Mercury adsor ption efficiency of different samples

Hg® removal efficiencies over the y-Fe;O3 modified attapulgite with different y-
Fe-Os/attapulgite mass ratios under an atmosphere of 5% O, 12% CO. and N2
(balance) at 150 °C are shown in Fig. 10. No apparent Hg® removal was observed over
pure ATT, and the removal efficiency, n, in the entire period of experiment time was
less than 10%. The result was in line with an earlier study in which about 20% of Hg®
introduced was removed over ATT . The poorer Hg? removal performance in this
study was ascribed to the higher GHSV and higher HgP inlet concentration. The

addition of Fe;Os resulted in significant enhancement of Hg® removal activity, about
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30% of Hg removed over 0.2FelATT at the end of the test time at 150 °C. Since pure
ATT was essentially inactive for the removal of Hg® Hg° remova performance
observed was attributed to the activity of y-Fe2Os supported on ATT. The introduction
of Fe;Os creates a series of active sites that favour the interaction between HgP and the
composites. Since FexOs was the active component of the xFe1ATT sorbents that was
really effective in the Hg® removal reaction, the loading amount of Fe,Os was expected
to be a decisive factor for Hg adsorption. Hence, a higher loading amount of Fe;O3
should result in more active sites for elevating the chemisorption of mercury. Asit can
be observed in Fig. 10, the Hg® removal performance of the sorbents was elevated with
the increase in the loading amount of FexOs. However, it can also be noticed that the
HgP removal efficiency of pure Fe;Os sorbent was only higher than that of 0.2Fe1ATT
but lower than that of the other y-Fe2Oz loaded ATT sorbents. This can be explained by
thefact that the gas mercury removal process by the solid sorbent isa gas-solid reaction,
and hence is affected by the contact surface. Although the pure FexOs sorbent had the
highest amount of active FexOg, its BET surface and the pore volume were very low,
henceit could not supply enough active sites on the sorbent surface. The FexOs loading
amount of 1FelATT was doubled as compared with that of 0.5Fe1ATT. However, the
mercury removal efficiency was only increased from 75% of 0.5FelATT to 81% of
1FelATT with an increment of 6%. This observation was likely due to the decrease of
the SSA that was confirmed by the BET anaysis, which resulted in poorer

physisorption of Hg® over the sorbents 2*. As depicted in Fig. 7, the 1Fe1ATT and
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0.5FelATT both had amoderate saturation magnetization and could be easily separated
from the fly ash from our tests. However, the 0.5Fe1ATT sample used only half the
amount of FexOs as the 1FE1ATT sample, indicating a much lower cost to achieve the
comparative mercury control performance, which should be an important consideration
in practical applications. Therefore, the optimal loading amount of y-Fe2Ozfor mercury
capture was considered to be at the massratio of F/ATT = 1.2 (0.5Fe1ATT), and was

selected as the default loading amount in the subsequent experiments.
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Fig. 10 Effect of y-Fe,Og/attapul gite mass ratios on Hg° removal performance (150 °C,
N2+5% Oo).

3.3 Effect of adsorption temperature

The temperature of the coal-fired boiler flue gases before the particulate control
deviceis generally less than 250 °C and higher than 100 °C. Therefore, the adsorption
temperature range of 100-250 °C was selected to investigate its effects on Hg removal

performance over 0.5FelATT, which were also studied by other researchers 12, As
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showninFig. 11, it can be seen that the Hg® removal efficiency within 90 min increased
from 34.4% to 83.1% with the temperature rising from 100 °C to 250 °C. Theincreasing
trend was similar to the results of Fe;Os-SiO, sorbent 24, But the Hg® removal efficiency
of 0.5Fe1ATT was higher than that of Fe2Os-SiO2 sorbent athough the GHSV in this
study was much higher. The reason was that the introduction of FeO3 into ATT
enhanced theiron oxide dispersion on the surface, which wasin favour of the adsorption
reaction with the active sites. The mercury removal efficiency significantly increased
from 34.4% to 75.3% with the temperature rising from 100 °C to 150 °C. A higher
temperature benefits the chemisorption for mercury removal while alower temperature
contributes to the physisorption. As is well-known, chemisorption is more favourable
than physisorption for mercury removal by metal oxide sorbents. Further increasing the
reaction temperature to 200 °C and 250 °C resulted in small increments of mercury
removal efficiency, at 5.3% and 7.5%, respectively. It is generally recognized that the
gas HoP isfirstly adsorbed on the sorbent surface to form the adsorbed HgP species and
subsequently is oxidized and chemisorbed during the Hg® removal process . An
increase in the reaction temperature could inhibit the adsorption of Hg®, and hence the
subsequent chemisorption was inhibited accordingly ©. Besides, the release of
chemisorbed mercuric species on the surface of sorbents might occur at high
temperatures 24, Hence, the adverse effect of temperature increase could offset the

limited enhancement of chemisorption of HgP.
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Fig. 11 Effect of reaction temperature on Hg® removal performance 0.5FelATT sample
(N2+5% Oy).

3.4 Effects of individual flue gas components

The effects of individual flue gas components were investigated to understand the

role of each component in the coal-fired boiler flue gases for Hg® removal.

3.4.1 Effect of O2

O2 was one of the main gas components in flue gas and could have a critical rolein
the mercury adsorption reaction. To understand the effect of O, concentration on
mercury removal, Hg® removal with 0.5Fe1ATT was conducted with flue gases
containing various concentrations of oxygen at 150 °C and the results are shown in Fig.
12. It can be found that a significant increase in Hg® removal efficiency appeared when
5% O» was added to the flue gas without O.. Gas-phase O: in flue gas could replenish

and regenerate the consumed surface oxygen on the adsorbent surface >3, which served
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as the oxidants consumed during Hg® oxidation process. As shown in Fig. 8 (a) and
Table 1, after the Hg® adsorption experiments under N2 and 5% O, the content of O,
increased from 15.4% to 28.2%, while the content of O* decreased from 57.9% to
46.9%. These results suggest that O* participated in the Hg® oxidation reaction. The
increase of O in the spent 0.5Fe1ATT sorbent compared to that in the fresh sorbent
could be ascribed to the appearance of 0% in HgO *. Table 1 also showsthat the content
of Fe?" increased from 6.9% to 12.5% after Hg® adsorption, which can be ascribed to
the reduction of Fe** during the Hg® oxidation process. For the spectra of Hg 4f over
spent 0.5Fe1ATT as shown in Fig. 8 (d), the peak at about 103.1 eV corresponding to
Si 2p can be observed, and the other new peak at about 100.6 eV has appeared that can
be assigned to the Hg?* in HgO >, indicating the oxidization of Hg® has occurred during
its adsorption process over 0.5FelATT. Meanwhile, the TPD anayses of the Hg°
adsorption over 0.5Fe1ATT in the absence and presence of 5% O. were carried out as
shown in Fig. 13. For the Hg adsorption under N2, one Hg desorption peak observed
at around 315 °C can be attributed to HgO *°. Compared with the adsorption of Nz +
Hg®, the mercury desorption peak moves to a higher temperature at 345 °C and the
desorption peak areabecomes much larger, during the adsorption in the presence of 5%
Oo. Thisindicates that O could greatly promote Hg® adsorption. From above, the Hg®
removal in the presence of O, can be explained as the Mars-Magessen mechanism 1°,

which is described by reactions (2)-(5) 2. The adsorbed elementary mercury can react
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with the surface oxygen existed on the surface of metal oxides (MxOy). The MxOy in

this study is FexOs, while the intermediate product can be FesO4 or FeO.

Hg(g) + adsorbent surface — Hg(ad)(s) )

Hg’ (ad)(s) + MxOy(s) — HgO(ad) (s) + MxOy-1(9) ©)
MxOy-1(S) + 1/2 O2 — MxOy(S) (4)
HgO(ad)(s) + MxOy(s) — HgMxOy-1(s) (5)

As the oxygen concentration was further increased to 10% from 5%, the mercury
efficiency showed negligibleincrease and stayed at approximately 78% (Fig. 12). This
observation indicates that 5% O, was enough for regenerating and replenishing the
oxidants and a higher oxygen concentration would not result in afurther improvement

of the mercury removal performance *°.
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Fig. 12 Effect of flue gas components on Hg® removal performance over 0.5Fe1ATT

sample (150 °C, N2 as the balance).

Table 1 Molar concentration of surface atoms on the catalysts (detected by XPS).

Sample 0O 1s (%) Fe 2p (%)
O/0 O*/O Fe’t/Fe
Fresh 154 57.9 6.2
Reacted with No+O» 28.2 46.9 125
Reacted with N>+O-+ SO, 10.1 52.4 6.9
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Fig. 13 Hg-TPD curves under different adsorption conditions (adsorption at 150 °C).

3.4.2 Effect of NO

Normally the coal-fired boiler flue gases will contain a small amount of NO even
with the most advanced NOy emission control strategies such as SCR being adopted by
the plant. Hence, the interaction between NO and Hg® should be taken into
consideration to figure out the effect of NO on the mercury removal of the 0.5FelATT
sorbent. The results on mercury removal efficiency of 0.5FelATT under different NO
concentrations are shown in Fig. 12. It can be seen that an addition of 500 ppm NO to
N2 resulted in a significant enhancement to the Hg® removal, reaching 69.4% HgP
remova efficiency, which was much higher than that achieved with the pure N>
atmosphere (28.0%). With the further assistance of O, the Hg? removal efficiency

increased substantially and reached 91.6%. This observation could be ascribed to the
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formation of NO* or NO- due to the adsorbed NO oxidized on the surface of metal
oxide sorbents % ’. The influence of NO on mercury adsorption could be interpreted

by the following reactions (5-13):

NO(g) + adsorbent surface — NO(ad) (5)
NO(ad)+ MxOy(S) — NO-O-M;Oy-1(9) (6)
NO-O-MOy.1(s) — NO2 + MyOy.1(S) )
O2(g) — O2(ad) )

NO(ad) + Oz(ad) — NO2(ad) + O 9)
Hg(2) — He"(ad) (10)

Hg’(ad,g) + NOz(ad) — HgO(s,g) + NO(ad) (11)
Hg%(ad,g) + NO2(ad) +Oz(g) — Hg(NO3)2(s,9) (12)
HgO(ad,g) +2NO(ad) +3/202(g) — Hg(NO3)2(S,0) (13)

Under the pure N> atmosphere, NO was weakly adsorbed on the metal oxide and
subsequently be oxidized by lattice oxygen and/or chemisorbed oxygen on the surface
to form limited new species, such as NO*, NO,, and NOs™ *°. Then adsorbed HgP could
interact with NOz to form HgO and Hg(NOs)2 viareactions (5-7) and (10-13). However,
the surface oxygen on the sorbent, which played a crucial part in mercury adsorption,
was consumed via the above reactions (6) and (7), hence, lack of O in the flue gas
inhibited Hg® removal. In the presence of O, more adsorbed NO could be oxidized on
the sorbent to form abundant active species like NO. via reactions (8) and (9).
Furthermore, the gas phase O> could regenerate and replenish the consumed surface
oxygen via reaction (4). Both of the above two reasons contribute to the enhanced

mercury removal as a result of the addition of NO in the presence of O, atmosphere.
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From the FTIR curve of the 0.5FE1ATT sorbent which reacted in the atmosphere of
N2+500 ppm NO as depicted in Fig. 9, the peaks at 1380 cm™ and 1640 cm® can be
assigned to the nitrate species and adsorbed NO, . The existence of these two bands
indicated that 0.5FelATT could oxidize NO into NO2 without the presence of Oo,
hence, promoting the Hg® oxidation. In order to analysis the mercury species existed on
the surface of the 0.5Fe1ATT sample after Hg® adsorption under N2+500 ppm NO, the
TPD was performed as shown in Fig. 13. Two desorption peaks observed at about 280
°C and 355 °C can be ascribed to Hg(NOs). *8 and HgO , respectively. The peak areais
much larger than that of the Hg® adsorption under O, atmosphere, indicating an
improved HgP adsorption ability can be realized with the help of NO. In addition, the
introduction of O would accumulate more NO. and nitrate species on the surface of
the sorbent, which could further promote the Hg oxidation. However, afurther increase
in NO concentration to 1000 ppm only led to a slight promotional effect on mercury
removal (Fig. 12) and this could be the fact that the non-active species like nitrate might

be generated and then covered the active adsorption/oxidation sites 1% 7.

3.4.3 Effect of SO2

SO:» is another gaseous pollutant presents in coa-fired boiler flue gases. The effect
of SO, on Hg" adsorption by metal oxides is still not conclusive. Detrimental *°,
negligible %, promotiona 24, and bifacia ®° effects of SO, on Hg® adsorption have all

been observed by previous investigations. In the present study, a detrimental influence
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of SO, on Hg adsorption over the 0.5Fe1ATT sorbent was found both in the absence
and presence of O, as shown in Fig. 12. The addition of 500 ppm SO to the pure N>
atmosphere resulted in a significant decrease in the Hg removal efficiency, 1, from
28% to 12.2%. According to the previous studies % ¢*, SO, could inhibit HgP oxidation
viathe following three routes: (1) The reaction between SO, and the oxygen specieson
the surface of sorbent; (2) The competitive adsorption between SO, and HgP for the
same active sites on the sorbent surface; (3) The sulfation of metal oxide under the
atmosphere of SO.. Without the presence of O in the reaction environment, SO>
inhibited Hg® oxidation over 0.5FelATT sorbent by consuming the surface oxygen
species and hence significantly suppressed Hg removal. Also shown in Fig. 12, the
presence of 5% O: in the reaction gas environment obviously alleviated the suppressive
effect of SO, indicating the inhibitive effect of SO, was largely attributed to the route
(1) as the surface oxygen of the sorbent consumed by SO could be replenished and
regenerated after the introduction of O.. However, the Hg? removal efficiency
decreased from about 60% to 51% when the added SO, concentration to the reaction
environment containing 5% O- was increased from 500 ppm to 1000 ppm. This
indicates route (1) could only partialy account for the deactivation of 0.5Fe1ATT in
the presence of O.. To understand the inhibition effect of route (2), additional
experiments were carried out in the present study. The competitive adsorption between
SO, and HgP could be verified by a desorption experiment °. The 0.5Fe1ATT sorbent

was first exposed to HgP® plus pure N2 at 150 °C for 90 min. Then Hg® was cut off and
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1000 ppm SO was introduced into the flue gas. From the results in Fig. 14, the
concentration of Hg® was suddenly increased from nearly zero to 43 ug/m?® after
simultaneously cutting off Hg® and adding SO,. This suggests that introducing SO into
the reaction system resulted in the desorption of the weakly bounded mercury on the
sorbent surface from the surface of the sorbent. That is to say, the competitive
adsorption of SO, and Hg® was occurring during the Hg® removal process over the
0.5FelATT sorbent . Further experimentswere also carried out to check therelevance
of route (3), i.e. to check if SO had reacted with iron oxide on the sorbent forming
metal sulfate. These experiments on the Hg® removal activity were performed with the
SO; pretreated sorbent. The sorbent was first pretreated with 500 ppm SO2 under 5%
O, atmosphere at 150 °C for 1 h and 3 h before Hg® adsorption tests to eliminate the
impact of the competitive adsorption between SO, and HgP. As shown in Fig. 15, the
Hg® removal ability of the sorbent was significantly impaired after being pretreated by
SO». The results confirm the relevance of route (3) to the sorbent of this study, i.e. that
the introduced SO had reacted with the metal oxide to form some sulfate species that
were inert for Hg® removal *°. It was reported that SO, has a promotional effect on
elemental mercury oxidation over a-Fe2Os with the aid of O at 300 °C 24, contradicting
to the observation of this study which investigated mercury oxidation at a much lower
temperature of 150 °C. This is mainly due to the fact that the higher temperature
weakens the SO, adsorption over the sorbent surface %%; the oxidation of SO, to SOs

could also result in new chemisorption sites that benefit el emental mercury removal at
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ahigher temperature 2%, In order to investigate the sulfation of 0.5Fe1ATT sorbent had
occurred, the XRD analysis of the sorbent that reacted under the environment of N2+5%
0.+1000 ppm SO- (donated as 0.5Fe1ATT-S) was performed as shown in Fig. 3.
Compared with the fresh sorbent, no clearly new peaks can be observed in 0.5FelATT-
S, which can be ascribed the fact that the formed sulfate species are too low in quantity
to be detected by XRD or might exist as amorphous sulfate *°. Hence, further
characterization of the spent sorbent by the means of XPS and FTIR analysis was
performed to testify the sulfation. As shown in Fig. 8 (a) and (b), after Hg® adsorption,
the XPS spectras of O 1s and Fe 2p of the 0.5FelATT-S show a new fitting peak at
about 531.3 eV and 712.9 eV, which could be ascribed to the species of SO4> and
Fex(SOa4)s, respectively . Besides, SO4> was also detected on the S 2p spectra of the
SO, reaction sorbent as shown in Fig. 8 (c) *°. This suggests that SO, has reacted with
the sorbent to form sulfate species, which isinert for Hg® adsorption. The FTIR analysis
of the 0.5FelATT-Swasalso performed in order to investigate the form of the surface
sulfur species as shown in Fig. 9. The bands at 1050 cm™ and 1120 cm* can be ascribed
to the v(S=0) vibration of sulfate species or molecularly chemisorbed SOz *°. Hence,
the FITR analysis also verified the surface sulfation after the reaction with SO». For the
spectra of Hg 4f as shown in Fig. 8 (d), the newly formed peaks of the SO reacted
sorbent appeared at about 100.9 eV and 102.3 eV correspond to the Hg?* species from
HgO and HgSOa, respectively % €3, In order to further verify the existence of HgSOa4

on the surface of the 0.5Fe1ATT-S, the TPD analysiswas used and the desorption curve
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isshownin Fig. 13. It can be seen that the desorption peak of mercury ranges from 380
°C to 650 °C, peaking at about 475 °C, corresponding to the decomposition of HgSO4
%8, hence, evidencing the existence of HgSOa on the surface of the used sorbent after
the reaction with SO,. Meanwhile, asmall shoulder peak at 330 °C isal so observed that
can be assigned to HgO. Although the sulfation of the 0.5FelATT sorbent occurred
after the reaction with SO, the saturation magnetization of 0.5FelATT-S was only
reduced slightly comparing to that of the fresh sample and still remained at 14.9 emu/g
as shown in Fig. 7. Negligible coercivity and magnetization hysteresis of 0.5Fe1ATT-
S were aso observed from Fig. 7, indicating the superparamagnetic maintained after
being treated with SOx.

Interestingly, the inhibition of SO, on Hg® removal activity over 0.5Fe1ATT sorbent
could be greatly aleviated by the introduction of NO, as observed in Fig. 12. The
mercury removal efficiencies of 0.5Fe1ATT in the presence of 500 ppm SO. and 1000
ppm SO2 both reached about 88% with the addition of 500 ppm NO, which was
significantly higher than that was achieved with the flue gases containing SO. without
NO. This phenomenon might be ascribed to the different adsorption active sites on the
surface of sorbent between SO, and NO. NO and SO, always co-exist in actual coal-
fired boiler flue gases and hence the inhibitory effect of SO, on the Hg® removal by the

sorbent can be somewhat offset by the presence of NO in the flue gas.
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3.4.4 Effect of H20

Water vapour is one of the main components in coal-fired boiler flue gases and can

adversely affect the Hg? removal performance over metal oxide based sorbents ¥* %7, As
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shown in Fig. 12, H2O significantly impaired Hg® removal performance over
0.5FelATT sorbent. A decrement of 13% for the Hg® removal efficiency was observed
when 4% H>0 was added into the reaction flue gas. A further increase in the added H>O
to 8% reduced the Hg® removal efficiency to 51%. It has been reported that the
inhibition of H2O for Hg® adsorption over metal oxides sorbent was ascribed to the
competitive adsorption * %7, Hence, similar desorption experiments to those described
in section 3.4.3 were carried out to verify the competitive adsorption between H>O and
Hg®. As shown in Fig. 14, ahigh spike of Hg® was observed after cutting off Hg® and
adding 8% H-O at the same time due to the desorption of surface adsorbed mercury.
This demonstrates that H-O has strong competitive adsorption with Hg? for the same
active siteson 0.5FelATT sorbent.

In addition, the Hg® removal performance over 0.5Fe1ATT under the atmosphere of
02, SO2, NO and H.O was also tested as shown in Fig. 12. It can be seen that the average
Hg® removal efficiency in 90 min in the co-existence of 5% O, 1000 ppm SOz, 500
ppm NO and 8% H->0 was 87.5%, which was much higher than that in the presence of
5% O, 1000 ppm SO, and 8% H-O separately. The improvement of the Hg® removal
performance can be ascribed to the beneficial effect of NO, which has been verified in
the section 3.4.2. Hence, the 0.5F€1ATT has the potential to be used as a mercury
adsorbent due to its excellent Hg? removal performance under the condition of 5%

O2+1000 ppm SO2+500 ppm NO+8% H20.
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3.5 Future application perspective

This work is a basic research study focused on understanding the behavior of
magnetic sorbents for the control of Hg® from the coal-fired boiler flue gases. However,
to takefull advantage of their characteristics and performancein industrial applications,
it will be necessary to improve the basic and applied feature in future work. One is that
the acid activation of attapulgite, which will improve structure, physic-chemical,
textural and surface properties ® %, The second is the introduction of more active
materias, such as halides (Cl, Br, 1) and/or metal (Mn, Cu, Co) oxides, which are in
favour of greatly enhancing the mercury retention ability. The third one is the
evaluation of the lifetime of the sorbent, as well as the regeneration ability. Several
regeneration methods investigated by previous studies for the magnetic sorbents, such
as Co-MF sorbent 1°, Fe; x\MnxO4/CNF sorbent %6, and (FesxMny)1-504 sorbent ,
including the thermal process method ° and water washing method 6 shall be be

considered in the future work of this study.

4 Conclusion

The magnetic xFelATT composites were successfully synthesized by the co-
precipitation method. The 0.5FelATT sorbent has a satisfactory saturated
magnetization, which makesit possible to separate the sorbent from the fly ash for safe
disposal of the adsorbed mercury and the regeneration of the sorbent for recycling. O
and NO could enhance the Hg® removal performance over 0.5F€1ATT sorbent, while

SO, and H20 played an inhibitive role in Hg® removal. The inhibition of SO, on Hg°
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removal capability could be significantly alleviated by the presence of NO in the flue
gas. H-O competed with HgP for active sites and hence reduced the Hg® adsorption
ability of the sorbent. This study reveals the possibility of using 0.5Fe1IATT composite
as amagnetic sorbent for effective Hg® removal, and provides fundamental information
about the effects of individual flue gas components on HgP adsorption. Such knowledge
is of importance for industrial applications of 0.5Fe1ATT sorbent in coal-fired boilers.
Further study should focus on improving the Hg® removal performance of the sorbent

and evaluating the regeneration of the sorbent.
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