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Abstract: During chemical looping combustion (CLC) and chemical looping gasification (CLG) of coal,
the release, migration, and speciation of mercury in coal are significantly influenced by oxygen-carrier
materials; however, the underlying mechanism remains inadequately addressed. In this work, the
effect of a typical iron-based oxygen carrier on the release behavior of mercury from a bituminous
coal and a lignite was investigated based on the Ontario-Hydro method. It is found that the effect of
the iron-based oxygen carrier is attributed to three aspects: the enhanced release rate of mercury from
coal, the adsorption of the released mercury, and the oxidization of gaseous Hg0 into Hg2+. With the
increasing temperature, the adsorbance of mercury by the iron-based oxygen carrier decreases, while
the oxidation of mercury enhances. Even at 900 °C, the adsorbance of mercury by the oxygen carrier
remained at 0.1687 g/g, with a relative content of Hg?* at 22.55%. Additionally, it was observed that
iron-based oxygen carriers can physically absorb both Hg? and Hg?*, while chemisorption refers to
complex-compound formation between the iron-based oxygen carrier and mercury.

Keywords: chemical looping combustion; chemical looping gasification; mercury; coal; iron-oxygen

carrier

1. Introduction

Mercury has been classified as a global pollutant, along with greenhouse gases, by
United Nations Environment Programme (UNEP), due to its high volatility, toxicity, and
bioaccumulation. Every year, about one third of the global total mercury emissions comes
from coal combustion. As a result, there is an increasing focus on controlling mercury emis-
sions from coal combustion worldwide [1]. In traditional coal combustion and gasification
processes, three mercury species are ultimately generated—gaseous elemental mercury Hg”
(g), gaseous oxidized mercury Hg?* (g), and particle-bound mercury Hg (p)—after a series
of complex reactions [2—4]. However, each mercury form possesses distinct characteristics
and environmental migration capabilities. Among the three mercury species, gaseous
mercury Hg? (g) is the most challenging to remove, while Hg?* (g) and Hg (p) are more
easily removable. Therefore, it is of great significance to understand the release, migration,
and removal of mercury from coal.

Due to its high-energy efficiency, controllable redox degree, and inherent product
separation, chemical looping has been regarded as a promising strategy for carbon capture
storage (CCS) in utilizing fossil fuel, as well as a prospective approach for producing hydro-
gen or chemicals [5]. Over the past dozen years, extensive research has been conducted on
coal chemical looping combustion (CLC), leading to several industrial demonstrations [6].
With syngas or hydrogen as target products, chemical looping gasification (CLG) of coal
or biomass with less oxygen carrier for fuel has also gained significant attentions [7,8].
In comparison to traditional gasification, the oxygen carrier in CLG serves not only as a
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catalyst but also as an oxygen and heat carrier for gasification reactions [9], avoiding the air
separation unit (ASU). However, there is limited research available on the release behavior
of mercury during both CLC and CLG of coal with a different ratio of oxygen carrier to fuel.

The schematic depiction of a potential release route of mercury during the chemical
looping process is depicted in Figure 1. The chemical looping process involves two sepa-
rated reactors interconnected by an oxygen carrier. In the fuel reactor, the reaction occurs
between coal and an oxygen carrier in the presence of a gasified agent. Simultaneously,
mercury is released from coal in the form of gaseous mercury and particulate mercury that
is fixed on fly ash, slag, or an oxygen carrier. Accompanying the reduced oxygen carrier and
unburned coal, unreleased mercury is transported to the air reactor, where it is released at a
high temperature. Consequently, there are differences in both the release and the speciation
of mercury in coal compared to traditional combustion or gasification processes [10,11].
Furthermore, variations in the reaction atmosphere and varying quantities of metal oxides
during CLC and CLG can yield distinct effects on mercury-release behavior. Until now,
there have been limited reports on the speciation of mercury during both CLC and CLG,
particularly regarding the role played by an oxygen carrier.

Hg"
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Figure 1. Diagram of mercury release during chemical looping process.

As for coal CLC, Mendiara et al. [12,13] initially reported the behavior of mercury
release from anthracite and lignite in an inter-connected fluidized bed using iron ore as
the oxygen carrier. It was observed that 25% Hg?* and 75% Hg” were released from the
fuel reactor while 54% Hg?* and 46% Hg were released from the air reactor. The ratio
of Hg?/Hg?* mainly depends on the type of coal and FR temperature. Pérez et al. [14]
investigated the release behavior of mercury in the chemical looping oxygen uncoupling
(CLOU) of coal, revealing that circulating solids such as carbon, ash, and an oxygen carrier
contained a mercury content of 59.4%. Ma et al. [15] reported that the hematite oxygen
carrier promoted the conversion of Hg’(g) to Hg?*(g). Regarding the coal CLG process, An
etal. [16,17] reported that a CuFe,O4 oxygen carrier promoted the transformation of Hg
(g) to Hg (p) and gaseous oxidized mercury (Hg?*), and revealed the effect of the oxygen
vacancy structure of CuFe;O4 oxygen carrier on the reaction between H;S and Hgo.

As an oxygen and heat carrier between two reactors, the oxygen carrier not only
participates in redox reactions in both reactors, but also undergoes recycling between them.
The effect of the oxygen carrier on the release, migration, and speciation of mercury in
the coal is inevitable. Ghorishi et al. [18] pointed out that the unburned carbon and some
active inorganic chemical components (such as Fe;O3, CuO and MnQO;) present in fly ash
from coal-fired power plants play a significant role in promoting the oxidation of elemental
mercury HgO (g). Galbreath et al. [19] discovered that x-Fe;O3, y-Fe;O3, and HCI promoted
the transformation of (Hgo) to (Hg2+) in the flue gas emitted by coal burning. Recently, Ni
et al. [20] ranked different oxygen carriers for elemental mercury oxidation based on their
Cl/Cl, ratios for CLC purposes. The results demonstrated that the order of effectiveness
for various oxygen carriers was as follows: CaSO, > Co304 (Mn,03) > Fe,O3 > CuO (CeO,)
> SiO, (A1203).

Additionally, due to its porous nature, an oxygen carrier exhibits excellent mercury-
adsorption capabilities. Li et al. [21] and Zhang et al. [22] investigated the mercury ad-
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sorption on various crystal surfaces of Fe;O3 at high temperatures, revealing that the
adsorption process involves both physical adsorption and chemisorption between Fe,O3
oxygen carriers and Hg. The calculation results of Guo et al. [23] demonstrated that the
formation of hybrid orbital between Fe and Hg contributes to the strong adsorption of
mercury by y-Fe,Os. Furthermore, the calculation of Jung et al. [24] indicated that the
presence of Cl enhances the adsorption strength between Hg and «-Fe;Os5.

In this work, the release behavior of mercury in both CLC and CLG with a prepared
iron-based oxygen carrier and two typical coals (JYC bituminous coal and ZTC lignite coal)
was investigated. Additionally, the adsorption and oxidation of mercury by the iron-based
oxygen carrier were confirmed.

2. Results and Discussion
2.1. Effect of Oxygen Carrier on Release Behavior of Mercury in Coal

The release proportion of mercury from coal is significantly influenced by temperature.
Aiming to reveal the effect of an oxygen carrier on the release behavior of mercury, five
temperatures and two coals (JYC bituminous coal and ZTC lignite coal) without or with an
oxygen carrier were investigated. As illustrated in Figure 2, in the absence of an oxygen
carrier, the release proportion of mercury increases with the increasing temperature for
both types of coal. For JYC bituminous coal, it increases from 70.96% at 500 °C to 81.88%
at 900 °C while for ZTC lignite coal it increases from 57.04% at 500 °C to 74.4% at 900 °C.
In contrast, when using an iron-based oxygen carrier, there is a significant effect on the
release proportion of mercury. Specifically, for JYC coal (as observed in Figure 2a), it can be
seen that the presence of an iron-based oxygen carrier restrains mercury release except at a
temperature of 800 °C in CLC; however, it initially improves and then suppresses mercury
release in CLG.
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Figure 2. Release proportion of mercury from fuel reactor without and with iron-based oxygen carrier
(@) JYC; (b) ZTC.

The release of mercury can be enhanced through the catalytic effect of an oxygen carrier,
while it can be mitigated by the adsorption of an oxygen carrier. Firstly, an oxygen carrier
serves as a catalyst for coal pyrolysis, gasification, and combustion processes. Consequently,
it accelerates the release rate of mercury from coal with increasing temperature. On the other
hand, as a porous material, the oxygen carrier can physico-chemically adsorb the released
mercury. For instance, at 500 °C without an oxygen carrier, JYC coal exhibits a release
proportion of 70.96%, whereas in CLC and CLG systems, this proportion accounts for
49.09% and 76.37%, respectively. The presence of an oxygen carrier significantly suppresses
mercury release in CLC while promoting its release in CLG. As the amount of oxygen
carrier used in CLC is twice that used in CLG for the same amount of coal, its adsorption
capability outweighs its acceleration effect on release rates during the CLC process. At



Molecules 2024, 29, 2195

40f11

900 °C, the lower proportion of mercury released is likely attributed to chemisorption by
forming new substances.

The effect of the oxygen carrier on mercury release from ZTC lignite, as depicted in
Figure 2b, exhibits a similarity to that of JYC. However, the enhancement caused by the
oxygen carrier is more pronounced. Even at a temperature of 500 °C in CLC, the proportion
of mercury release increases from 57.04% to 69.44%. Furthermore, it is noteworthy that
temperature has a significant influence on mercury release. The proportion of mercury
released rises from 57.04% at 500 °C to 74.4% at 900 °C. The disparity between these two
types of coals can be attributed to their distinct structures and compositions. The release of
mercury is more pronounced in low-rank coal.

The release of gaseous mercury as a function of temperature was further investigated,
with particular focus on the relative content of Hg?*. As depicted in Figure 3, in the absence
of an oxygen carrier, the relative content of Hg?* gradually decreases with increasing
temperature until it reaches zero at 900 °C. In contrast, the presence of an iron-based
oxygen carrier enhances the relative content of Hg?" as temperature increases in both
CLC and CLG processes. This phenomenon is contrary to traditional coal gasification or
combustion processes where Hg” is dominant. The chemical looping process for JYC coal is
illustrated in Figure 3a. It can be observed that the increase in Hg?* concentration is higher
in CLC compared to CLG at all temperatures except for 800 °C. At 900 °C, the maximum
relative content of Hg?* reaches 48.15% in CLC and up to 33.34% in CLG due to the high
oxygen carrier-to-coal mass ratio employed in CLC. Figure 3b shows the release profile of
Hg?* from ZTC, which exhibits a different structure and composition compared to JYC
coal. In this case, at a temperature of 900 °C, the maximum relative content of Hg2+ reaches
up to 33.33% in CLC and up t017.24% in CLG. In all cases, the iron-based oxygen carrier
demonstrated excellent oxidation of mercury.
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Figure 3. Relative content of Hg?* in releasing gaseous mercury from fuel reactor at different
temperature without and with iron-based oxygen carrier (a) JYC; (b) ZTC.

When the reaction atmosphere was switched to air, both the adsorbed mercury by
the oxygen carrier and the unreleased mercury from coal were released in the air reactor.
The release proportions of Hg? and Hg?* from the air reactor are shown in Figure 4. As
for JYC, the release of total gaseous mercury in the air reactor of both chemical looping
processes decreases as the temperature of the fuel reactor increases, which can be attributed
to an increase in mercury release in the fuel reactor with the elevating temperature. This
finding is consistent with the results presented in Figure 2. Furthermore, owing to the
oxidation of molecule oxygen in air, a portion of gaseous mercury is released in the form of
Hg?*. Nevertheless, the proportion of Hg?* released in the air reactor is lower that of Hg?,
except for the CLG of ZTC coal. Additionally, there is a constant release of total gaseous
mercury and Hg?* observed between 700 and 900 °C for ZTC coal, resulting from the better
reactivity of lignite coal.
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Figure 4. Release proportion of Hg? and Hg?* from air reactor (a) JYC; (b) ZTC.

Moreover, the mercury balance was calculated based on the total mercury in coal.
According to the release proportion of the gaseous mercury, coals both without or with an
oxygen carrier at different temperatures are within an acceptable range (70~130%) [25].

2.2. Adsorption of Mercury Vapor by Iron-Based Oxygen Carrier

Based on the aforementioned findings, it can be inferred that the influence of an
oxygen carrier on mercury-release behavior during the chemical looping conversion of coal
stems from three key factors: firstly, the acceleration of the mercury-release rate from coal;
secondly, the adsorption of mercury onto the oxygen carrier; and thirdly, the oxidation of
the oxygen carrier resulting in gaseous mercury formation. To validate both the adsorption
and oxidation processes between the oxygen carrier and mercury, an adsorption experiment
employing a mercury permeation tube was conducted.

Figure 5 shows the adsorbance of mercury on an iron-based oxygen carrier at dif-
ferent temperatures. It is evident that the oxygen carrier exhibits significant adsorption
on mercury vapor, with decreasing adsorbance observed as temperature increases. At
500 °C, the adsorbance of mercury on the oxygen carrier reaches 0.35 g/g, accounting for
approximately 97.5% of the total mercury vapor. Even at 900 °C, a substantial proportion
(67.64%) corresponding to an adsorbance value of 0.1687 g/g was still achieved by this
system compared to a mere 27.30% when quartz sand was employed as a substitute for an
oxygen carrier in control experiments. These results unequivocally demonstrate excellent
performance exhibited by our chosen oxygen carrier in terms of its remarkable ability to
effectively capture and retain elemental mercury.
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Figure 5. Adsorbance of mercury on iron-based oxygen carrier at different temperatures.

2.3. Oxidation of Mercury Vapor by Iron-Based Oxygen Carrier

The mercury species emitted from the adsorption reactor was analyzed using Ontario-
Hydro method. The distribution of mercury species at different temperatures is illustrated
in Figure 6. It is evident that mercury vapor can be easily oxidized to Hg** upon passing
through the oxygen carrier. However, the relative content of Hg?* decreases with the



Molecules 2024, 29, 2195

60of 11

increasing temperature, while that of Hg? increases. At 600 °C, Hg?* accounts for 71.42%
of the emitting mercury from the adsorption reactor, whereas Hg? accounts for 28.57%. By
contrast, at 900 °C, the relative content of Hg?* is reduced to only 22.55%, while that of Hg?
increases to 79.45%. This observation appears contradictory to the notion that oxidation
of iron-based oxygen carriers is enhanced at higher temperatures; nevertheless, it verifies
that there is an increase in the absolute amount of Hg?* with rising temperatures due to
decreased adsorbance, as shown in Figure 5.
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Figure 6. Effect of iron-based oxygen carrier on species distribution of mercury at different temperatures.

Furthermore, the thermodynamic calculation of an Hg-iron oxygen carrier was con-
ducted based on Gibbs free energy minimization. As depicted in Figure 7, the relative
content of Hg? declines to zero when temperatures exceed 400 °C, while that of HgO (g)
increases close to 100%. It is widely acknowledged that the decomposition temperature of
gaseous HgO is 500 °C. However, the presence of an iron-based oxygen carrier effectively
inhibits the decomposition reaction of HgO.
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Figure 7. Thermodynamic analysis of species distribution of mercury in the presence of oxygen carrier.

2.4. Effect Mechanism of Iron-Based Oxygen Carrier on Mercury

In order to investigate the adsorption mechanism of an iron-based oxygen carrier on
mercury, a comprehensive desorption experiment was conducted. After the cessation of
mercury vapor, the iron-based oxygen carrier adsorbed with mercury was purged using
inert gas for a duration of 30 min, followed by an additional purge with hydrogen at the
same temperature for another 30 min. The relative content of desorbed mercury from the
iron-based oxygen carrier under different temperatures and atmospheres (inert gas and
reducing atmosphere) is presented in Figure 8. It is observed that more than 70% of mercury
adsorbed on the oxygen carrier is desorbed after being purged by inert gas, while over 10%
of the mercury is desorbed after being purged by H,. The desorption process involving
inert gas can be attributed to physical absorption, whereas chemisorption can be ascribed
to Hp-induced desorption. Furthermore, an investigation into various forms of absorbed
mercury species revealed that Hg?* accounts for approximately 14.29% of released mercury
at 500 °C; this value increases to 32.53% at 700 °C and then decreases slightly to 29.64% at
900 °C, respectively. These findings suggest that physically adsorbed mercury encompasses
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both Hg and Hg?*, while chemisorption may result from complex-compound formation
between mercury and the iron-based oxygen carrier.
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Figure 8. Desorption of mercury from iron-based oxygen carrier by inert and reducing atmosphere at
different temperature.

Furthermore, the oxygen carrier was subjected to XPS characterization after high-
temperature mercury adsorption, as depicted in Figure 9. It is evident that the Hg4f
binding energy can be resolved into five different peaks at 500 °C (Figure 9a). Among them,
the binding energy of 99 and 101.5 is Hg?, Hg?*, respectively. However, by comparison
with the literature, the origins of three peaks at Hg4f binding energy of 93.4, 95.2, and 103.3
remain unknown. Based on these experimental findings, it is plausible to suggest that these
peaks may arise from chemisorption processes between the iron-based oxygen carrier and
mercury, leading to complex-compound formation with the oxygen carrier itself. Similarly,
at a higher temperature of 900 °C (Figure 9b), the Hg 4f binding energy exhibits seven
discernible peaks, which are also attributed to complex-compound formation between
mercury and the iron-based oxygen carrier.

Intensity, a.u.

52 9‘4 9‘6 9‘8 160 102 104 166 168 110
Binding Energy, eV

Figure 9. XPS spectra of iron-based oxygen carrier over the spectral regions of Hg 4f. (a) 500 °C;

(b) 900 °C.

3. Experimental and Methods
3.1. Preparation and Characterization of Materials

According with our previous work [26,27], a Fe4Alg oxygen carrier was prepared with
the mass ratio of Fe,O3 to Al,O3 equal to 4:6. The detailed procedure is as follows: the
stoichiometric quantities of ionic nitrates Fe (NO3)3-9H,0 were dissolved in distilled water
to form a saturated solution. Subsequently, Al,O3 was slowly added into the solutions



Molecules 2024, 29, 2195

8of 11

while stirring. The obtained viscous material was dried and calcined in a muffle furnace
at 900 °C for 3 h. Then, the calcined materials were cooled, crushed, and sieved for use.
Due to the analytical purity of the raw material, no other impurities, including mercury,
were present.

As for coal, two kinds of coal, including a bituminous coal (JYC) and a lignite coal
(ZTC, Suzhou, China), were adopted in this work. After being dried and grinded, the basic
properties, including ultimate analysis, proximate analysis, and mercury content, were
analyzed (Table 1), where the mercury contents of JYC and ZTC were 0.229 pg-g~! and
0.252 ug-g !, respectively. The ultimate analysis was conducted using an elemental ana-
lyzer (Elementar UNICUBE, Langenselbold, Germany), with oxygen content determined
by the difference method. Proximate analysis was performed using a thermogravimetric
analyzer (NETZSCH STA409PC). Mercury content was examined via ICP-MS (Agilent 8900,
Santa Clara, CA, USA)

Table 1. Ultimate analysis, proximate analysis, and mercury content of the used coal.

Proximate Analysis, W,q/% Ultimate Analysis, W,q/% Hg,

M v FC C H 0 N S ugg !
JYC 1.88 34.08 55.68 74.74 4.58 8.66 1.28 0.50 0.229
ZTC 22.38 30.98 23.14 35.6 2.21 14.49 0.93 0.89 0.252

M = Moisture, A = Ash, V = Volatile, FC = Fixed Carbon.

3.2. Experimental Setup and Procedure

As illustrated in Figure 10, the experimental system is composed of an openable heat-
ing furnace (OTF-1200X, Hefei Kejing, Hefei, China), a gas distribution system, a gaseous
mercury absorption device (including a train of impingers), a digestion device (DigiBlock,
Beijing Labtech, Beijing, China), and a mercury content determination device (CVAAS,
F732-V], Shanghai Huaguang, detection range 0~10 g/L; limit of detection < 0.05 g/L;
linear error & 10%; repetitive < 3%). According to the Ontario-Hydro method [28], the
gaseous mercury absorption device includes eight successively connected impingers with
the volume 125 mL. The first three impingers with 1 mol/L KCl solution are used for
absorbing Hg?*, the following four impingers are used for absorbing Hg?, with 5% (v/v)
HNO3-10% (v/v) HpO7 solution in the fourth impinger and 4% (w/v) KMnO4-10% (v/v)-
H,SOy4 solution in other three impingers. The eighth impinger, filled with activated carbon
(AC), is adopted to absorb mercury vapor to prevent environmental pollution. Two trains of
impingers were used, alternately, for adsorbing the gaseous mercury from the fuel reactor
and the air reactor, simulated by switching the reaction atmosphere. The detailed ap-
proaches, including solution preparation, digestion method, and reagents, were performed
according to the Ontario-Hydro method.

:
. =1
O O O Ll switch

Openable heating furnace

|
|
LAJLAPERgRagLigh

KCI" HNO,-H,0, KMnO,-H,S0, AC

Figure 10. Schematic diagram of experimental system.

In order to investigate the release behavior of mercury in coal, both the proportion
of the released mercury and the mercury species was studied. The detailed experimental
procedure is as follows. For each test, a mixture of 4 £ 0.0001 g coal and the corresponding
iron-based oxygen carrier was filled into tube reactor, with the amount of oxygen carrier
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determined based on the molar ratio of releasable lattice oxygen in the oxygen carrier to
carbon content in coal [29]. The mass of the oxygen carrier was determined as 200 g, 100 g
YJC coal for CLC and CLG, respectively, while that for ZTC coal was 95.2 g, 47.6 g in CLC
and CLG, respectively. Ceramic porous baffle was placed at both end of the tube reactor
to prevent any blowout of mixtures. After linking each device without air leakage, the
experimental system was purged with high-purity inert gas at a flow rate of 100 mL/min.
Once the specified temperature (500 °C, 600 °C, 700 °C, 800 °C, 900 °C) was obtained by
the tube furnace, a quartz tube containing the mixed material was quickly placed in its
constant temperature section. Simultaneously, one train of impingers absorbed the gaseous
mercury, including Hg® and Hg?*, for a duration of 30 min. Subsequently, the temperature
was raised to 900 °C, followed by switching to air atmosphere with the flow 200 mL/min.
At the same time, the other train of impingers absorbed the other gaseous mercury for
40 min. Finally, the absorbents were filled to the specific volume, recovered, digested, and
analyzed, referring to the Ontario-Hydro method. Every experiment was repeated several
times. Additionally, the analysis of absorbents was repeated and averaged.

In order to validate the mercury adsorption and oxidation properties of the oxygen
carrier, a system reconstruction was conducted for the adsorption experiment. A mercury
generator equipped with a mercury permeation tube (VICI) was utilized. Subsequently, 50 g
oxygen carrier, or Al,Oj3 for blank experiment, was filled into a quartz tube reactor. After
ensuring no air leakage by connecting all devices, the experimental system was purged
with high-purity inert gas at a flow rate of 100 mL/min. Once it had reached the specified
temperature (500 °C, 600 °C, 700 °C, 800 °C, 900 °C), the mercury generator was activated
at a generating rate of 188 & 17 ng-min~!. Following a reaction time of 30 min, the mercury
generator was turned off. The oxygen carrier was then cooled down to room temperature
and stored for XPS analysis to determinate any adsorbed species using CVAAS.

The desorption experiment is similar to the adsorption experiment. After shutting
down the mercury generator, an additional purge period of another 30 min was performed
on the oxygen carrier while simultaneously absorbing this purge gas using one train of
impingers. Subsequently, hydrogen gas with a flow rate of 100 mL/min from a hydrogen
generator replaced the purge gas for another duration of 30 min. Finally, CVAAS analysis
determined any adsorbed species of mercury.

3.3. Data Evaluation
(1) Release proportion of mercury is defined as

mHgo + 111ng+

n = JHg? T MHgt 1)
mngoral

where m o and m, g2+ 18 the weight of Hg0 in gaseous mercury obtained using the Ontario-
Hydro method; mpyg, ,  is the weight of total mercury in coal added to reactor.
(2) Relative content of Hg?" is defined by
My g2+

w=—"" (2)
mHgo + mHg“

4. Conclusions

In this work, the mercury adsorption and oxidation properties of an iron-based oxygen
carrier were observed during CLC and CLG of coal, which was further confirmed by
adsorption—desorption experiments with mercury vapor. The following conclusions can
be drawn,

(1) The effect of an iron-based oxygen carrier on mercury release in chemical looping
conversion is attributed to three aspects: the enhanced release rate of mercury from
coal, the adsorption of mercury on the surface of the oxygen carrier, and the oxidation
of gaseous mercury from Hg® to Hg?*.
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(2) With the increasing temperature, the adsorbance of mercury by the iron-based oxygen
carrier decreases, while its oxidation of mercury enhances. Even at 900 °C, the
adsorbance of mercury by the oxygen carrier remained at 0.1687 g/g, with a relative
content of Hg?* at 22.55%.

(3) The mercury adsorption on the surface of the iron-based oxygen carrier involves both
chemisorption and physical absorption. Physical adsorption includes both Hg" and
Hg?*, while chemisorption refers to complex-compound formation between mercury
and the iron-based oxygen carrier.

Author Contributions: Conceptualization, Y.L.; methodology, Y.L. and S.Z.; validation, M.G.; in-
vestigation, M.G.; data curation, G.H. and S.Z.; writing—original draft preparation, G.H. and S.Z,;
writing—review and editing, Y.L.; visualization, G.H. and S.Z.; supervision, Y.L.; project administra-
tion, Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (51506105),
the Key Research and Development Plan of Shandong Province (2017GSF16101), and the Talent Fund
of Shandong Collaborative Innovation Center of Eco-Chemical Engineering (XTCXQNO06).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Evan, J.G.; Henry, W.P. Constance Senior. Mercury Control for Coal-Derived Gas Streams; Wiley-VCH Verlag GmbH & Co.: Weinheim,
Germany, 2015; pp. 51-66.

2. Wu, C.L; Cao, Y.;; Dong, Z.B.; Cheng, C.M,; Li, H.X,; Pan, W.P. Evaluation of mercury speciation and removal through air pollution
control devices of a 190 MW boiler. . Environ. Sci. 2010, 22, 277-282. [CrossRef] [PubMed]

3. Wilcox, J.; Rupp, E.; Ying, S.C.; Lim, D.-H.; Negreira, A.S.; Kirchofer, A.; Feng, F.; Lee, K. Mercury adsorption and oxidation in
coal combustion and gasification processes. Int. J. Coal Geol. 2012, 90-91, 4-20. [CrossRef]

4. Li,Y;Zhang,].Y;; Zhao, Y.C.; Zheng, C.G. Volatility and speciation of mercury during pyrolysis and gasification of five Chinese
coals. Energy Fuel 2011, 25, 3988-3996. [CrossRef]

5. Zhu, X.; Donat QI, E; Miiller, C.R.; Li, EX. Chemical looping beyond combustion—a perspective. Energy Environ. Sci. 2020, 13,
772-804. [CrossRef]

6. Adanez, ].; Abad, A.; Mendiara, T.; Gayan, P; de Diego, L.F; Garcia-Labiano, F. Chemical looping combustion of solid fuels. Prog.
Energ. Combust. 2018, 65, 6-66. [CrossRef]

7. Zhao, X.; Zhou, H,; Sikarwar, V.S.; Zhao, M.; Park, A.-H.A ; Fennell, P.S.; Shen, L.H.; Fan, L.-S. Biomass-based chemical looping
technologies: The good, the bad and the future. Energy Environ. Sci. 2017, 10, 1885-1910. [CrossRef]

8.  Liu, Y.Z.; Guo, QJ]. Investigation into syngas generation from solid fuel using CaSO4-based chemical looping gasification process.
Chin. J. Chem. Eng. 2013, 21, 127-134.

9. Liu, Y.Z;Jia, W.H.; Guo, Q.J.; Ryu, H.J. Effect of the gasifying medium on the coal chemical looping gasification with CaSOy as
oxygen carrier. Chin. |. Chem. Eng. 2014, 22, 1208-1214. [CrossRef]

10. Liu, Z.; Zhou, J; Zhou, L.; Li, B.; Wang, T; Liu, H. A review on mercury removal in chemical looping combustion of coal. Sep.
Purif. Technol. 2024, 337, 126352. [CrossRef]

11. Liu, D.; Wang, C; Fan, Y;; Liu, Q.; Wang, X.; Xu, K.; Jin, J.; Ma, J.; Ma, J. Mercury transformation and removal in chemical looping
combustion of coal: A review. Fuel 2023, 347, 128440. [CrossRef]

12. Mendiara, T.; Izquierdo, M.T.; Abad, A.; Gayan, P.; Garcia-Labiano, F.; de Diego, L.E.,; Addnez, J. Mercury release and speciation in
chemical looping combustion of coal. Energy Fuels 2014, 28, 2786-2794. [CrossRef]

13.  Mendiara, T.; Izquierdo, M.T.; Abad, A.; de Diego, L.F.; Garcia-Labiano, F; Gayan, P.; Adanez, J. Release of pollutant components
in CLC of lignite. Int. J. Greenh. Gas Control 2014, 22, 15-24. [CrossRef]

14. Pérez, VR.; Adanez, R.I; Gayan, P,; Izquierdo, M.T.; Abad, A.; Garcia-Labiano, F; de Diego, L.E; Adanez, ]J. Sulphur, nitrogen and
mercury emissions from coal combustion with CO, capture in chemical looping with oxygen uncoupling (CLOU). Int. ]. Greenh.
Gas Control 2016, 46, 28-38. [CrossRef]

15. Ma,].C; Mei, D.F; Tian, X.; Zhang, S.B.; Yang, ].P.; Wang, C.Q.; Chen, G.P,; Zhao, Y.C.; Zheng, C.G.; Zhao, H.B. Fate of mercury in

volatiles and char during in situ gasification chemical-looping combustion of coal. Environ. Sci. Technol. 2019, 53, 7887-7892.
[CrossRef]


https://doi.org/10.1016/S1001-0742(09)60105-4
https://www.ncbi.nlm.nih.gov/pubmed/20397418
https://doi.org/10.1016/j.coal.2011.12.003
https://doi.org/10.1021/ef2006904
https://doi.org/10.1039/C9EE03793D
https://doi.org/10.1016/j.pecs.2017.07.005
https://doi.org/10.1039/C6EE03718F
https://doi.org/10.1016/j.cjche.2014.09.011
https://doi.org/10.1016/j.seppur.2024.126352
https://doi.org/10.1016/j.fuel.2023.128440
https://doi.org/10.1021/ef402377m
https://doi.org/10.1016/j.ijggc.2013.12.013
https://doi.org/10.1016/j.ijggc.2015.12.034
https://doi.org/10.1021/acs.est.8b06931

Molecules 2024, 29, 2195 11 of 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

An, M.; Ma, ].].; Guo, Q.. Transformation and migration of mercury during chemical-looping gasification of coal. Ind. Eng. Chem.
Res. 2019, 58, 20481-20490. [CrossRef]

An, M.; Guo, Q.].; Wei, X.Y. Reaction mechanism of H2S with Hg0 on CuFe,O4 oxygen carrier with oxygen vacancy structure
during coal chemical looping gasification. Fuel 2023, 333, 126477. [CrossRef]

Ghorishi, S.B.; Lee, C.W.; Jozewicz, W.S.; Kilgroe, ].D. Effects of fly ash transition metal content and flue gas HC1/SO, ratio on
mercury speciation in waste combustion. Environ. Eng. Sci. 2005, 22, 221-231. [CrossRef]

Galbreath, K.C.; Zygrliche, C.J.; Tibbetts, ].E.; Schulz, R.L.; Dunham, G.E. Effects of NOx, x-Fe;O3, y-Fe;O3, and HCl on mercury
transformations in a 7-kW coal combustion system. Fuel Process. Technol. 2005, 86, 429-448. [CrossRef]

Ni, M.G,; Liu, D.Y;; Jin, J.; Feng, L.; Liu, Z. Ranking Oxygen Carriers for Elemental Mercury Oxidation in Coal-Fired Chemical-
Looping Combustion: A Thermodynamic Approach. Energy Fuels 2020, 34, 2355-2365. [CrossRef]

Li, J.LH,; Lin, C.E; Qin, W.; Xiao, X.B.; Li, W. Synergetic effect of mercury adsorption on the catalytic decomposition of CO over
perfect and reduced Fe,O3[001] Surface. Acta Phys.-Chim. Sin. 2016, 32, 2717-2723. [CrossRef]

Zhang, ].].; Qin, W,; Dong, C.Q.; Yang, Y.P. Density functional theory study of elemental mercury adsorption on Fe,O3[104] and
it’s effect on carbon deposit during chemical looping combustion. Energy Fuels 2016, 30, 3413-3418. [CrossRef]

Guo, P; Guo, X.; Zheng, C.G. Roles of y-Fe;Oj3 in fly ash for mercury removal: Results of density functional theory study. Appl.
Surf. Sci. 2010, 256, 6991-6996. [CrossRef]

Jung, ].E.; Geatches, D.; Lee, K.; Aboud, S.; Brown, G.E., Jr.; Wilcox, J. First-Principles investigation of mercury adsorption on the
o-Fep03(1102) surface. J. Phys. Chem. C 2015, 119, 26512-26518. [CrossRef]

Yin, L.B.; Zhuo, Y.Q.; Xu, Q.S. Mercury emission from coal-fired power plants in China. Proc. CSEE 2013, 33, 1-9.

Guo, QJ.; Cheng, Y,; Liu, Y.Z; Jia, WH.; Ryu, H.-J. Coal chemical looping gasification for syngas generation using an iron-based
oxygen carrier. Ind. Eng. Chem. Res. 2014, 53, 78-86. [CrossRef]

Zhang, ].S.; Guo, Q.J.; Liu, Y.Z.; Cheng, Y. Preparation and characterization of Fe;O3/Al,O3 using the solution combustion
approach for chemical looping combustion. Ind. Eng. Chem. Res. 2012, 51, 12773-12781. [CrossRef]

ASTMD678416; Standard Test Method for Mercury from Coal-Fired Stationary Sources (Ontario Hydro Method). EPA: Washing-
ton, DC, USA, 1999.

Liu, Y.Z.; Guo, Q.J.; Cheng, Y.; Ryu, H.-J. Reaction mechanism of coal chemical looping process for syngas production with CaSOy4
oxygen carrier in CO, atmosphere. Ind. Eng. Chem. Res. 2012, 51, 10364-10373. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.iecr.9b04014
https://doi.org/10.1016/j.fuel.2022.126477
https://doi.org/10.1089/ees.2005.22.221
https://doi.org/10.1016/j.fuproc.2004.03.003
https://doi.org/10.1021/acs.energyfuels.9b03829
https://doi.org/10.3866/PKU.WHXB201607271
https://doi.org/10.1021/acs.energyfuels.5b01937
https://doi.org/10.1016/j.apsusc.2010.05.013
https://doi.org/10.1021/acs.jpcc.5b07827
https://doi.org/10.1021/ie401568x
https://doi.org/10.1021/ie301804c
https://doi.org/10.1021/ie3009499

	Introduction 
	Results and Discussion 
	Effect of Oxygen Carrier on Release Behavior of Mercury in Coal 
	Adsorption of Mercury Vapor by Iron-Based Oxygen Carrier 
	Oxidation of Mercury Vapor by Iron-Based Oxygen Carrier 
	Effect Mechanism of Iron-Based Oxygen Carrier on Mercury 

	Experimental and Methods 
	Preparation and Characterization of Materials 
	Experimental Setup and Procedure 
	Data Evaluation 

	Conclusions 
	References

