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with a focus on the Progressive sirategy for mercury emission reduction from coal-fired flue gas

mechanisms and performance of collaborative mercury removal in the pollution control devices after ultra-low emission
retrofitting. Furthermore, a progressive strategy of “synergistic enhancement-deep purification-resource recycling” for mercury
emission reduction was proposed, including three tiers: optimizing the operational parameters of pollution control systems to
improve the synergistic mercury removal efficiency of various control devices; developing an efficient mercury adsorption and
catalytic oxidation technology for coal-fired flue gas, with a focus on the industrially applicable mercury removal technologies;
developing an integrated mercury removal and recovery technology for coal-fired power plants (e.g., magnetospheres mercury
removal and mercury recovery technologies), focusing on the high-value utilization of mercury. Finally, combining the latest
international compliance requirements and domestic environmental tax policies, the future research directions on the emission
control of mercury in coal-fired flue gas in China were outlined, providing theoretical and technical support for the China’s
international commitments and near-zero emissions of coal combustion pollutants.
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The proportion of coal in China’s primary energy demonstrating a structural characteristic of “declining the
consumption structure has been declining continuously; share but increasing total volume”. Coal still remains
however, the total national energy consumption increases irreplaceable in China’s energy system and will continue to
from 4.28 billion tonnes to 5.72 billion tonnes, and the serve as the “stabilizing force” in the short term!'l.
absolute consumption of coal continues to rise, According to the Coal 2024 report released by the IEA,
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China’s coal consumption accounts for approximately 56%
of the global total, with the power sector being the largest
consumer'”. Developing efficient and economical pollutant
control technologies for coal-fired power plants is of great
strategic significance and urgency for promoting the
modernization of China’s environmental governance system.

Mercury (Hg) is widely recognized as one of the most
hazardous pollutants due to its pronounced toxicity,
volatility, mobility, and bioaccumulation. Once the
atmospheric mercury enters water bodies and soils through
natural deposition, it can be transformed into more toxic
methylmercury under microbial action. This organomercury
compound can accumulate progressively along the
ecological food chains and eventually enter the human
body, leading to damage to the central nervous system and
potential dysfunction of organs such as kidneys and liver.
The atmospheric mercury emission sources can be
categorized into natural and anthropogenic sources. Natural
sources primarily include volcanic eruptions, forest fires,
and soil erosion processes, whereas anthropogenic sources
mainly encompass industrial activities such as coal
combustion, iron and steel smelting, and cement production.
According to the Global Mercury Assessment 2018
published by the United Nations Environment Programme
(UNEP), human activities have become a significant source
of atmospheric mercury, with annual emissions reaching
approximately 2500 tonnes, accounting for 56.81% of the
global total emissions”.. As a major coal-consuming
country, developing efficient and low-cost mercury
pollution control technologies in China holds an important
practical significance and a strategic value for the protection
of ecological environment.

The international community has reached broad
consensus on mercury pollution issues. The Minamata
Convention on Mercury, promulgated by the United
Nations Environment Programme, aims to promote the
global mercury emission reduction and governance. As one
of the first contracting parties, China has actively responded
and formulated the strategies for mercury pollution
prevention and control. In 2011, China issued the standards
of emission limit for mercury and its compounds from coal-
fired power plants, stipulating that the mercury
concentration in flue gas should not exceed 30 pg/m’.
However, compared with developed countries, there is still
a certain gap in the limit value. For instance, the United
States has implemented more stringent emission standards
for non-lignite coal-fired power plants, in which the
mercury emission from new units should not exceed
0.39 pg/m?, while for the existing units it should not exceed
1.7 pg/m*®. The European Union, in turn, adopts a tiered
management approach based on the unit capacity, with the
limit values of 1-3 pg/m® for the new units of <300 MW
and 1-2 pg/m* for the new units of =300 MW,
Therefore, as one of the largest global mercury emitters,
China’s coal-fired power plant emission limits are bound to
continue tightening. On January 1, 2018, the Environmental
Protection Tax Law of the People’s Republic of China came

into effect, imposing environmental taxes on the top three
pollutants in coal-fired power plant emissions. The
pollution equivalent value of mercury in atmospheric
pollutants is 0.0001 kg. According to calculations, coal-
fired power plants are now subject to a mercury tax, as the
pollution equivalent value of their mercury emissions has
surpassed that of soot emissions. For example, a 1000 MW
coal-fired unit emits nearly 100 kg of mercury annually,
corresponding to a pollution equivalent value of 1000000,
and with a tax rate ranging from 1.2 to 12 CNY per
equivalent value (varying by province), mercury emissions
have become a significant expenditure item for coal-fired
power plants’ environmental protection taxes”. In
November 2025, the Sixth Meeting of the Conference of the
Parties to the Minamata Convention on Mercury (COP6)
further reviewed and strengthened the implementation
progress of Parties in reducing mercury supply and
controlling unintentional emissions, such as those from
industrial releases and waste treatment!®. Therefore, the
control of mercury emissions from coal-fired power plants
has become an urgent issue.

During coal combustion, mercury is primarily released
into the flue gas in gaseous phase and exists in three forms:
particulate-bound mercury (HgP), oxidized mercury (Hg*"),
and elemental mercury (Hg"). With the full implementation
of ultra-low emission retrofit projects in China’s coal-fired
power plants, the pollution control systems of traditional
coal-fired units have shifted from single pollutant control
devices (such as desulfurization, denitrification, and dust
removal) to multi-pollutant synergistic control systems.
However, without the retrofit, the mercury removal
efficiency by the single pollutant control device was
generally low. For instance, the Selective Catalytic
Reduction (SCR) system typically used honeycomb or
plate-type catalysts arranged in a “2+1” configuration, with
only one layer of catalyst left as a backup, resulting in a
higher gas velocity within the SCR reactor, shortening the
contact time between Hg” in the flue gas and the catalyst,
and making it less conducive to the oxidation of Hg’. In
addition, coal-fired units generally used traditional high-
temperature dust removal systems to remove Hg. Because
the Hg” concentration in the flue gas is relatively low and
the particle size mainly ranges from 0.1 to 1.0 um, so the
capture efficiency by the traditional dust removal devices
(electrostatic precipitators) is limited, with a removal rate
usually below 30%!". Although the limestone-gypsum wet
flue gas desulfurization (WFGD) technology, as a typical
flue gas desulfurization process, can achieve a removal rate
of over 85% for Hg*', due to the stable chemical properties
of Hg’ and its insolubility in water, the synergistic removal
efficiency in the WFGD system is very limited®™. In
summary, in light of the current situation where the mercury
emission control efficiency in the existing coal-fired units in
China is low, to reach the more stringent future mercury
emission limits, there is an urgent need to develop efficient
mercury reduction technologies and synergistic control
strategies that are suitable for China’s coal-fired units.
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Based on an systematic analysis of China’s mercury
emission control needs and technological development
trends in coal combustion, this review advanced a three-
tiered progressive mercury reduction strategy suitable for
coal-fired units. First, in the context of ultra-low emission
retrofits, the distribution characteristics of mercury in the
coal-fired flue gas treatment process were outlined, the
mechanisms and influencing factors of pollution control
systems, such as SCR, ESP and WFGD, in the synergistic
removal of mercury were analyzed. Second, in response to
the low efficiency of mercury synergistic control in the
existing coal-fired units, a technical approach to improve
the collaborative mercury removal performance of the
control devices by adjusting operating parameters and
optimizing system configurations was suggested. Next, the
recent advances in the mercury adsorption and catalytic
oxidation technologies for coal-fired flue gas and the
current field applications of mercury removal technologies
in the China’s coal-fired flue gas treatment were
summarized. Then, the progress in the mercury resource
recovery and high-value utilization technologies for the
multiphase by-products during mercury removal in the coal-
fired power plants was discussed. Finally, in light of the
international compliance requirements and domestic
environmental policy trends, the future development
directions of mercury reduction and resource utilization
technologies in the China’s coal-fired power plants were
looked ahead to, aiming to provide a systematic theoretical
basis and technical support for achieving mercury control
and near-zero emissions for coal-fired flue gases.

1 Distribution, migration and transformation of
mercury during the coal combustion process

The mercury content and its occurrence forms in coal

. ‘ “ Emission

Coal

Bottom slag

Fly ash

directly influence the release and control strategies of
mercury during coal combustion. Zhang et al.”’! indicated
that a calculated arithmetic mean of mercury based on over
900 coal samples from China was 0.158 pg/g. Finkelman et
al.'% discovered that mercury in coal was mainly associated
with the sulfide minerals such as cinnabar, pyrite, galena,
and sphalerite. Additionally, mercury in coal may also exist
in the forms of metallic mercury, organic mercury, mercuric
chloride, and selenides. For the specific occurrence forms of
mercury in coal, Liu et al.'"! confirmed that mercury was
mainly present in the sulfide-bound and residual forms,
based on the continuous leaching experiments. Liu et al.!')
did a combustion experiment using a one-dimensional
furnace at 1200 °C, compared the mercury content in raw
coal and fly ash, and found that more than 85% of mercury
volatilized in the gas phase, with less than 6% remaining in
the bottom ash. Zheng et al.'"*! tested the mercury emissions
from a 300 MW coal-fired unit using the Ontario-Hydro
method, which indicated that mercury completely
volatilized during combustion and remained mainly in the
gas phase even at the dust removal temperatures, with weak
condensation phenomena. Approximately 86% of mercury
was found in the flue gas, 13% in the particulate mercury in
fly ash, and only about 1% in the bottom slag. As shown in
Figure 1, mercury in the flue gas mainly existed in three
forms: Hg’, Hg** and Hg".

The migration and transformation of mercury can be
summarized as follows: after coal particles underwent
pyrolysis and ignition, a large amount of volatile matter was
released, and the carbonaceous particles continued to burn
and fragment into smaller particles™. In the high-
temperature flame, almost all mercury in coal was
converted to elemental mercury (Hg®)™* ', With the
decrease of flue gas temperature, Hg’ reacted with halogens
(Cl,, Br,), acidic gases (HCl, HBr, NO,) and O, in the flue

gas to generate Hg”'T'"'%),

Hg(g) Hg'(g)

Neterogeneous

. . .
Homogeneous “oxidation

oxidation Stack

HegCl(z)  Hg*X(g)

Desulfurization
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Fig. 1 Pollution control device in the coal-fired power plant and distribution of mercury migration and

transformation during coal combustion
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Part of Hg*' could further adsorb onto the fly ash surface.
Simultaneously, under the catalysis of fly ash surface and
flue gas components, part of the Hg’ could form particulate
HgP through heterogeneous oxidation and adsorption'”, In
addition, some Hg’ still flew out with the flue gas in the gas
phase. In summary, Hg** in the flue gas was easily soluble
in water and attached to the particulate matter, Hg’ could be
collected by the dust removal equipment, while Hg® was
volatile, difficult to dissolve in water, and difficult to
capture, thus almost all of it was released into the
atmosphere.

2 Current status of collaborative mercury
removal control in ultra-low emission retrofit

The existing flue gas purification devices in coal-fired
power plants (Air Pollution Control Devices, APCD) have a
certain synergistic effect on the mercury removal, but the
removal efficiency largely depends on the occurrence forms
of mercury in the flue gas. The main pollutant control
devices in coal-fired power plants include Selective
Catalytic Reduction (SCR), particulate removal devices
(Electrostatic Precipitators, ESP and Fabric Filters, FF), and
Wet Flue Gas Desulfurization (WFGD). Therefore, the key
to achieving mercury emission reduction for coal-fired flue
gas is to clarify the synergistic removal effects of different
pollutant control devices on various forms of mercury (Hg’,
Hg?* and HgP), and accordingly to carry out the targeted
process optimization and improvement.

2.1 SCR denitration system

The SCR system typically operates at around 350 °C,
where NH; is used to reduce NO,, producing N, and
H,0™"21 In addition to its denitrification function, the SCR
catalyst also has a certain catalytic oxidation effect on
Hg"™. As shown in Figure 2(a), after SCR treatment, the

(%)
(=]

N\

3]
(=]
1

[
(=]
1

W
L

Different species of mercury concentration (ug/m?)
(]
1

W
1

\\\\\\\\\\\‘

MMt

(=)
jas)
(4=}
=
jan
o
S
T
jas)
(4=]
(=]
o)
(=]
=

(a)

concentration of Hg" significantly decreased, while the
concentration of Hg”" increased, indicating that the core role
of SCR was to promote the oxidation transformation of Hg",
and this oxidation capability remained relatively stable
during long-term operation'”!. Preciado et al.”! found that
HCl was adsorbed and dissociated on the V,0s-TiO,
catalyst surface, forming active intermediate complexes that
promoted the Hg’ oxidation reaction. Additionally,
Figure 2(b) shows that higher ammonia-to-nitrogen ratio
(NH4/N,) had an inhibitory effect on the oxidation of Hg",
because the strong adsorption of NH; occupied the active
sites on the catalyst surface, reducing the adsorption of HCI
and thereby decreasing the oxidation efficiency. Moreover,
Zhou et al.®! found that when the boiler load increased
from 60% to 100%, the flue gas residence time was
shortened, and the oxidation efficiency of Hg’ decreased
from 72.10% to 61.78%. Although SCR can effectively
regulate the form of mercury, especially by oxidizing to
reduce the Hg’ concentration, the direct contribution to total
mercury removal is limited. Future studies should focus on
optimizing the process parameters, particularly the factors
such as ammonia-to-nitrogen ratio and chlorine content, to
further improve the oxidation efficiency of Hg’, thereby
enhancing the mercury removal effectiveness of SCR.

2.2 ESP dust removal system

As the flue gas temperature gradually decreased after
passing through the heat exchange surfaces, a portion of the
gaseous mercury can be adsorbed onto the surface of fly ash
and subsequently transformed into particulate-bound
mercury (Hg”)®. Field measurements conducted by
Fthenakis et al.*” demonstrated that ESPs achieved the
mercury removal efficiencies of 20%—26%. The studies by
Zhang et al.”®> showed that in contrast to conventional
ESPs, the low-temperature electrostatic precipitators (LTEs)
exhibited significantly superior performance in the
particulate-bound mercury removal.

70

60

50

Hg" oxidation efficiency (%)

¥T{ S : —
00 02 04 06 08 1.0 12
NH,/N,
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Fig. 2 (a) Changes in various mercury species and total mercury before and after SCR™”! and (b) relationship between ammonia to
nitrogen ratio and Hg° oxidation rate!*”!

(with permission from ACS Publications)
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As illustrated in Figure 3, the reduction in temperature
facilitated the enhanced adsorption of both elemental
mercury (Hg") and oxidized mercury (Hg*") onto the fly ash
surfaces, thereby improving the capture efficiency of Hg’.
Fabric filters (FFs) were demonstrated to have better
performance than ESPs in terms of synergistic mercury
removal, primarily attributed to their effective capture of
submicron particles (0.1-1 pm)®'". The properties of coal
also influenced the synergistic mercury removal
performance of ESPs. The mercury removal efficiency for
the bituminous coal fired and coal/petroleum coke co-fired
units was 35%—54%, while the mercury removal efficiency
for the subbituminous coal and lignite fired units was
relatively low, which were mainly attributed to the
variations in chlorine content and mercury speciation
distribution in different coal types®”. Although ESP
systems have shown certain advantages in capturing
particulate mercury, they still have some limitations. ESPs
exhibit relatively low collection efficiencies for submicron
particles (0.1-1 pm), and their effectiveness in removing
gaseous Hg' is limited. Furthermore, the mercury removal
efficiency of ESPs is largely dependent on the operational
parameters such as flue gas temperature, flow gas velocity
and fly ash characteristics, rendering the removal
performance susceptible to the variations in operating
conditions. The future research aimed at enhancing the ESP
mercury removal performance should focus on two key
aspects: first, intensifying the investigations on the
influencing factors such as fly ash particle size distribution
and coal properties, coupled with improvements in the
design of precipitator and the optimization of operating
conditions; second, integrating novel sorbent technologies
or catalysts to augment the capability of ESP systems in
removing gaseous Hg’.

2.3 WFGD desulfurization system

WEGD is one of the most critical units for synergistic
mercury removal in the coal-fired power plants, owing to
the high solubility of Hg”" in the slurry™ . As illustrated
in Figure 4, the testing results from Li et al.*" revealed that
Hg*" underwent a reduction reaction within the WFGD
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system and was subsequently re-emitted in the form of Hg’.
VanLoon et alP”? analyzed in detail the primary
mechanisms for the reduction process: (1) The water film
reaction mechanism: A thin water film was formed through
the evaporation of lime or limestone slurry, within which
Hg* reacted with Hg’ to generate Hg,' and the Hg'
subsequently reacted with OH™ in the slurry to produce Hg’
and HgO, with the latter being further reduced to Hg" by
SO,; (2) The solution reaction mechanism: SO, from the
flue gas was dissolved into the slurry to form sulfite and
sulfate species, which then reacted with Hg*" to produce
HgSO; and HgSO,. A portion of the resulting mercury
compounds was chemically unstable and consequently
decomposes, resulting in the re-emission of elemental
mercury (Hg"). Additionally, Li®® observed that elevating
temperature accelerated the ion migration rates, thereby
enhancing the reduction reactions, whereas increasing the
pH of slurry inhibited the mercury re-emission due to the
formation of stable Hg(OH)" and Hg(OH), complexes.
Conversely, increasing O, concentration in the flue gas
reduced the pH of slurry, thereby promoting the Hg’
emission.
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Fig. 3 The influence of cold electrostatic precipitators on the
distribution of different forms of mercury in flue gas under
different units"

(with permission from Elsevier)
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Fig. 4 The removal efficiency of WFGD for different forms of mercury (Hg*", Hg", Hg") under different operating conditions'*
(with permission from Elsevier)
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The aforementioned studies demonstrate that although
the WFGD systems exhibit remarkable removal efficiency
for Hg*', their removal efficiency for Hg' is relatively low,
and there is an issue of Hg®" reduction and subsequent re-
release. To enhance the comprehensive mercury removal
performance of WFGD systems, future research should
focus on optimizing the operational conditions, such as
adjusting the pH of slurry and temperature, to minimize the
Hg" re-emission, and exploring the integration with other
mercury control technologies to improve the overall system
performance.

3 Collaborative mercury removal with multi
pollutant control devices based on operation
optimization

The preceding section systematically analyzed the
synergistic mercury removal performance of the existing
flue gas purification devices in the coal-fired power plants.
The results indicate that different pollutant control units
exhibit distinct selectivity and complementarity in mercury
removal. Specifically, SCR for denitrification primarily
oxidizes a portion of Hg® to Hg*" but cannot effectively
reduce the total mercury concentration in flue gas; ESP is
only effective for the removal of HgP, with limited removal
efficiency for Hg"; and WFGD mainly targets the removal
of Hg*, with the mercury removal efficiency being
dependent on the proportion of Hg** in the flue gas.
Therefore, relying on a single device or fixed operating
conditions makes it difficult to achieve desired mercury
removal performance. Without modifying the existing
desulfurization, denitrification, and particulate removal
systems, enhancing the synergistic effects among
purification units by optimizing the operating parameters
and conditions to improve mercury transformation and
capture efficiency is the first-tier mercury reduction
strategy. This strategy focuses on improving the overall
mercury removal performance of existing systems by
making full use of the characteristics and advantages of
each device, thereby facilitating the effective mercury
control.

3.1 Optimization of SCR system operation and
collaborative mercury removal

During the SCR synergistic mercury removal process,
achieving optimal synergy between denitrification and
mercury removal requires adjustments across three
dimensions: fuel optimization, operational optimization, and
catalyst optimization. (1) Fuel optimization: The chlorine
content in coal exerts a significant influence on the mercury
speciation transformation. Elevating HCl concentrations
facilitates the conversion of chlorine into highly oxidative
free radical CI or Cl,, thereby promoting the oxidation of
Hg®. However, coal-fired power plants in China

predominantly utilize low-chlorine coals, resulting in
relatively low catalytic conversion efficiency of mercury in
the SCR systems. This limitation can be addressed via the
supplementation of HCI or the co-firing of high- and low-
chlorine coals to enhance the mercury removal efficiency,
but attention should be paid to avoiding increased
equipment corrosion and operational costs. Therefore, it is
necessary to balance the mercury removal efficiency with
economic feasibility, with the goal of ensuring the long-
term stable operation of the system. (2) NH3/NO ratio
optimization: Under the conditions using low-chlorine coal,
the competitive adsorption occurs between NH; and HCI,
which inhibits the oxidation of HCl on Hg’ and
consequently reduces the synergistic mercury removal
efficiency of SCR. To enhance the SCR performance,
experimental investigations and online monitoring should
be employed to optimize the NH3/NO ratio, thereby
minimizing the ammonia slip while maintaining high
mercury removal efficiency. (3) Denitrification catalyst
optimization: The denitrification and mercury removal
performance of SCR systems are contingent upon the
catalyst activity and composition. Modified catalysts can
further improve the mercury removal efficiency. As
illustrated in Figure 5, Zhao et al.l*”! modified the spent
TiO,-based SCR catalysts with Ce-Mn oxides for Hg°
removal, achieving an Hg” oxidation rate as high as 92.80%.
Nevertheless, the high cost and the stability of such
catalysts are of significant challenges. Future research
should focus on optimizing the cost-effectiveness of
catalysts, exploring the inexpensive yet highly efficient
materials, and ensuring the long-term stability under high-
pollution conditions.

100
—v—SCR,
/' —e—Ce/SCR,
80 - —A—Mn/SCR,

—=—Ce, Mn/SCR,

60 A

A

404 _—

Mercury oxidation efficiency (%)

100 200 300 400
Temperature (°C)

Fig. 5 Hg’ oxidation efficiency over different catalysts under
simulated flue gas as a function of temperature!*”!
(with permission from Elsevier)

3.2 Optimization of ESP system operation and
collaborative mercury removal

By improving the dust removal efficiency of the ESP
system, the particulate concentration in the flue gas can be
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reduced, thereby enhancing the capture efficiency of both
Hg’ and Hg*'. The optimization strategies include two
approaches: one is to change the type of dust collector, such
as replacing the ESP with a low-temperature electrostatic
precipitator (LTE), adopting fabric filters (FFs), or adding a
wet electrostatic precipitator (WESP) behind the ESP. The
other is to optimize the operating parameters of the
electrostatic precipitator, adjusting the flue gas flow
velocity and the working voltage to improve the mercury
removal efficiency. Li™*"! demonstrated that under sorbent
injection conditions, a reduced flue gas velocity increased
the contact time between sorbents and mercury in the flue
gas, thereby improving the removal efficiency. Conversely,
an elevated flue gas velocity shortened the residence times
and thereby diminished the removal performance.
Furthermore, the relationship between working voltage and
mercury removal performance did not exhibit a linear
positive correlation. At lower voltages, the particles are
under charged, while at higher voltages, the particle
residence time is shortened, thereby affecting the adsorption
process. Consequently, the selection of an appropriate flue
gas velocity and a working voltage is a critical factor for
enhancing the mercury removal efficiency. Future research
should focus on exploring how to balance gas velocity,
particulate removal efficiency, and mercury removal
efficiency, especially in different types of units. At the same
time, an intelligent control system should be introduced to
achieve more precise process optimization and improve the
overall mercury removal efficiency.

3.3 Optimization of WFGD system operation and
collaborative mercury removal

Due to high water solubility of Hg?*, the Hg** generated
through oxidation in SCR units can be absorbed by the
desulfurization slurry in WFGD systems. However, the
reduction and re-emission of Hg’ in the desulfurization
systems constrain the overall mercury removal efficiency.
To address this problem, researchers have proposed two
primary solutions: (1) introducing oxidizing agents into the
WFGD tower to oxidize Hg’ into absorbable Hg*"; and (2)
adding mercury-stabilizing agents to the desulfurization
slurry to facilitate the reaction of oxidized mercury with
sulfur to form stable precipitates, thereby suppressing the
Hg" re-emission. Fang et al!*” demonstrated that the
addition of potassium permanganate (KMnO,) effectively
promoted the Hg® oxidation, with the mercury removal
efficiency  progressively increasing with KMnO,
concentration and ultimately reaching 100%. Omine et al.”*’!
conducted a comparative investigation with various
additives, including sodium hydrosulfide (NaHS), sodium
sulfide (Na,S), TMT-15, and Nalco-8034. The results
indicated that these additives could substantially immobilize
the Hg”" under specific reaction conditions, achieving the
removal efficiencies of 99%, 97.1%, 93.2% and 98.9%,
respectively. Additionally, as illustrated in Figure 6, Wu et

al.™ found that the addition of sodium tetrasulfide (Na,S,)
effectively inhibited the Hg’ re-emission, with an optimal
dosage of 0.00125%. The underlying mechanism involved
the decomposition of Na,S, into sulfide ions (S*) and
elemental sulfur under weakly acidic conditions, which
subsequently reacted with Hg*" to form stable mercury
sulfide (HgS) precipitates, thereby effectively immobilizing
the mercury. The studies by Tang et al.*! and Ochoa-
Gonzalez et al.“® further confirmed that other additives,
such as Na,S, TMT, and DTCR, were equally effective in
suppressing the Hg re-emission and promoting the
migration of Hg” to the solid phase. Although these
methods effectively inhibit the Hg” re-emission, the precise
control of the dosage of additives is required in practical
applications to avoid additional costs. Current researches
are mostly conducted in the laboratory, and in the future,
the practical application effects and economic feasibility
should be verified through pilot and full-scale tests.
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Fig. 6 The effect of sodium thiosulfate (Na,S,) on suppressing
zero mercury emissions™”

(with permission from Elsevier)

4 Development of mercury deep purification
(adsorption/catalytic oxidation) technology for
coal-fired flue gas

Although the synergistic mercury removal can be
achieved to a certain extent through the optimization of
operating conditions and structural modifications of the
existing pollutant control devices (SCR, ESP, WFGD), the
sole reliance on these systems is insufficient for stable,
continuous, and efficient mercury removal with various
coal-fired units. Due to the differences in furnace
configurations, coal types, flue gas compositions, and
operating conditions between different power plants, there
are significant fluctuations in the synergistic mercury
removal effect, especially when using low chlorine coal or
when the active components in the flue gas are insufficient,
the efficiency of mercury oxidation by SCR and the
mercury absorption by WFGD will significantly decrease.
In addition, the synergistic effects of some systems are
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limited by their primary functions (e.g., desulfurization or
particulate removal), resulting in limited direct removal
capability for Hg°. Therefore, to further enhance the
mercury removal efficiency for coal-fired flue gas,
researchers have begun to focus on actively promoting the
adsorption and oxidation of Hg’ through the external
addition of sorbents or catalysts, advancing the industrial
demonstration and application of the technologies. This
technical approach is regarded as the secondary mercury
reduction strategy. Compared with the strategies relying
exclusively on the synergistic mercury removal, this
approach offers more stable and efficient mercury removal
performance under diverse operating conditions.

4.1 Research and development of mercury removal
adsorbent for flue gas

4.1.1 Carbon based adsorbent

Carbon-based sorbents have been extensively employed
in the flue gas mercury removal due to their large specific
surface areas and excellent adsorption characteristics. The
mechanism of mercury removal primarily involves the
capture of mercury by physical adsorption or chemical
reactions. This technology has achieved mature application
in industrial processes such as coal-fired power plants and is
regarded as one of the efficient approaches for mercury
emission control®”. Activated carbon injection (ACI) is one
of the most mature and widely applied adsorption
technologies in the field of flue gas mercury removal in the
coal-fired power plants™**. However, the performance of
activated carbon is substantially influenced by operating
conditions and flue gas composition; specifically, the
mercury removal efficiency decreases significantly when
the flue gas temperatures exceed 150°CPY. Furthermore,
S0O,/SO; and H,O in the flue gas have marked inhibitory
effects on the mercury removal®' %, Additionally, the fine
particle size of activated carbon powder results in low
capture efficiency by ESPs, leading to the potential
entrainment by flue gas and the subsequent greenhouse
effect®]. From an economic perspective, although activated
carbon can achieve a mercury removal rate of
approximately 82%, the mercury removal cost ranges from
693 to 945 CNY/g, greatly exceeding the 164 CNY/g
mentioned in the UNEP reports®™. When the ACI
technology is operated in conjunction with the fabric filter
systems, an annualized operating cost increases to
approximately 51.03 CNY/kW (calculated at an exchange
rate of 6.3 against US dollar)®.. The research by Ancora et
al.’% further indicated that for a 600 MW coal-fired unit,
the initial capital investment for the ACI technology is
approximately 10 CNY/kW, with an annual operating cost
of 11 CNY/kW; when coupled with the fabric filters, the
cost would rise to approximate 20 CNY/kW/year. Despite
significant improvements in the mercury removal
efficiency, the substantial operating expenses still constrain

the economic feasibility of this technology.

4.1.2 Research and development of non carbon based
adsorbents/catalysts

Given the numerous drawbacks associated with the
scaled application of activated carbon powder in the coal-
fired power plants in China due to the inherent
physicochemical properties, researchers have explored
non-carbon-based  adsorbent  materialst®’®,
including natural minerals, metal oxides, precious metals,
fly ash, and calcium-based compounds. These materials
have significant advantages in the adsorption efficiency,
process adaptability, and thermal stability, which can better
meet the practical needs of mercury emission control in the
coal-fired power plants in China.

(1) Fly ash

Fly ash, as a major byproduct of coal-fired power plants,
has the advantages of high output, wide availability, and
low cost, and is therefore considered a promising adsorbent
material™ ), Fly ash contains unburned carbon and various
metal oxides, with the potential of mercury removal from
coal combustion flue gas by adsorption and catalytic
oxidation. The mercury removal performance of fly ash is
influenced by the factors including particle size, pore
structure, surface functional groups, and the type and
distribution of transition metal oxides™ . Although the fly
ash possesses certain mercury adsorption capacity, its
overall removal efficiency is relatively low and a typical
chemical modification is needed. The research by Zhang et
al.l®!  demonstrated that a brominated fly ash can
significantly improve the mercury removal effectiveness,
with the performance primarily dependent on the
modification process conditions and the brominating agent
type.

(2) Natural mineral adsorbents

Recent studies have indicated that natural minerals have
favorable physicochemical adsorption properties for
gaseous mercury®. Common natural mineral materials
include zeolite, diatomite and palygorskite. Untreated
minerals are relatively weak in removing gaseous Hg’, and
usually need to be modified by chemical or physical means
to improve their mercury removal ability®”. Cai et al.l*
employed KI and KBr for the surface modification of
natural clay; when 3% KI was introduced into the clay, the
Hg’ removal rates of 78%—89% were achieved after 3 h of
adsorption in a N,+O, mixed atmosphere. Shen et al.’*"!
prepared a titanium-pillared clay (Ti-PILC) impregnated
with KI. Compared with the original clay, this new material
had a higher specific surface area and a rich 2—-10 nm
mesoporous structure, and its Hg” removal ability was
significantly improved. Furthermore, as illustrated in
Figure 7, Liu et all® loaded various active species
including CuCl, onto the palygorskite (Pal) surfaces and
evaluated the mercury removal performance under
simulated flue gas conditions.

various



Fig. 7 The removal mechanism of Hg’ by CuBr,-Dia2 in simulated flue gas atmosphere'®!
(with permission from Elsevier)

The results demonstrated that the mercury removal
efficiency of the modified adsorbent was significantly
improved. The mercury removal rates of CuCl, Pal and
CuBr, Pal were 90.9% and 95.2%, respectively, while the
mercury removal rates of the other modified materials
exceeded 80%. Oxygen and hydrogen chloride were
confirmed to promote the mercury removal reactions,
whereas SO, and NO, exhibited the inhibitory effects.

(3) Metal oxide

Metal oxides are considered a promising adsorbent
material due to their relatively low cost and strong
environmental adaptability® ", The lattice oxygen within
the structures can effectively promote the mercury oxidation
reactions, exerting a positive catalytic effect’’"). Manganese-
based oxide catalysts are extensively employed for the low-
temperature Hg’ oxidation and NO reduction, owing to their
prominent redox characteristics”, favorable thermal
stability, and relatively low preparation costs” 7,
However, a single-component manganese oxide suffers
from deactivation, particle agglomeration, and insufficient
electrical conductivity during operation; therefore, it is
commonly combined with other oxides such as Ti and Ce to
enhance the performance. Dong et al™ prepared
manganese-doped Ti-Zr and Ti-Sn composite metal oxides
via co-precipitation methods. Experimental results showed
that at a reaction temperature of 200 °C, the mercury
removal efficiencies with these two materials reached
95.4% and 99.3%, respectively. As illustrated in Figure 8,
CeO, is a low-cost rare earth oxide with high catalytic
activity and excellent oxygen storage capacity”®. At low
temperatures, CeO, catalysts can effectively promote the
Hg® oxidation, attributed to the increased reactivity brought
about by oxygen vacancies in its lattice. Density functional
theory (DFT) calculations have indicated that CeO,
nanorods exhibit superior catalytic activity due to exposure
of the specific crystal facets and abundant active sites!”".

(4) Precious metal adsorbents

Precious metal-modified adsorbent materials typically
utilize noble metals such as palladium (Pd) and silver (Ag)
as the active components’™. Owing to their excellent
thermal stability and regenerability under high-temperature

conditions, precious metals have been extensively applied
for the mercury capture from flue gas'™. Due to its strong
chemical inertness, high thermal and electrical conductivity,
and excellent recyclability, silver has attracted considerable
attention for cyclic adsorption-regeneration applications and
is regarded as a reusable and highly efficient adsorbent
material®. Xie et al.®! investigated the mercury removal
performance of silver-loaded SBA-15 and found that when
the silver nanoparticles were deposited onto SBA-15,
mercury removal efficiencies exceeding 90% could be
achieved at 150 °C, attributable to the formation of silver
amalgam between mercury and silver nanoparticles. Luo et
al.® examined the mercury removal performance of carbon
nanotubes (CNTs) and silver-loaded carbon nanotubes (Ag-
CNTs). The results indicated that the adsorption
performance of Ag-CNTs was substantially enhanced after
loading silver nanoparticles; even at 150 °C, Ag-CNTs
maintained exceptionally a high mercury capture capacity.
Consequently, Ag-CNTs were suitable for the mercury
removal from coal-fired flue gas, as illustrated in
Figure 9. In contrast, Pd exhibited a higher enthalpy of
amalgamation, lower material consumption per unit, and a
longer regeneration lifespan. Pd-loaded adsorbents were
therefore recognized as representative precious metal
adsorbents™.
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Fig. 8 Adsorption of mercury on copper/manganese doped
CeO, (110) surface’
(with permission from ACS Publications)
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Fig. 9 Mercury removal test of CNT and Ag-CNT®
(with permission from ACS Publications)

(5) Sulfur-based adsorbents

Metal sulfides possess superior Hg” adsorption capacity
compared to conventional adsorbents due to their structures
containing abundant unsaturated sulfur sites. Liu et al.’*¥
investigated the mercury removal performance of metal
sulfide adsorbents (CuS, MnS, SnS, ZnS and CdS) in
simulated flue gas with a high mercury concentration
(1300 pg/m*). Among these, CuS showed the most promising
results, achieving nearly 70% of mercury removal efficiency
after 3 h of reaction at 50 °C, along with good resistance to
SO,. Xiao et al.® conducted the mercury removal experiments,
revealing that MoS, exhibited the strongest Hg” removal
capability, with a minimal influence from varying
adsorption temperatures, gas compositions (O,, NO, SO,),
and other reaction conditions (Figure 10). Owing to its
abundant edge unsaturated sulfur sites, MoS, demonstrated
excellent resistance to sulfur and outstanding long-term
stability, achieving an equilibrium adsorption capacity of
54.308 mg/g and an initial adsorption rate of 66.79 pg/(g-min),
which was superior to most metal sulfide adsorbents.

(6) Selenium-based adsorbents

Metal selenides exhibit distinctive chemical reaction
characteristics during mercury removal. The selenium
vacancies on their surface can strongly coordinate with Hg",
promoting the redox reactions and forming stable Se-Hg
covalent bonds, ultimately generating chemically bonded

2

N,

SO,

HgSe nanocrystals. Since most metal selenides contain Se*,
the relatively low binding energy makes Se*” more prone to
react with Hg than the Se—Se bonds in elemental
selenium™, As illustrated in Figure 11, Xiao et al.*”!
reported the synthesis of a novel three-dimensional
hierarchical flower-like SnSe, material and its first
application for the mercury capture from flue gas. Under the
influence of low-coordination selenium, the introduction of
numerous selenium vacancy defects led to exposure of the
additional active sites within the adsorbent. The presence of
Sn enhanced the gas selectivity and promoted the electron
transfer processes, thereby strengthening the Hg” adsorption
and oxidation performance. To further enhance the flue gas
mercury adsorption capacity of adsorbents, Li et al.’®
proposed a biomimetic approach to adsorb Hg” onto the
surface of sulfur-rich polyphenylene sulfide (PPS), and
utilize Se active sites to migrate weakly adsorbed mercury
to the Se sites for permanent fixation. Long et al.*
synthesized a highly active amorphous red nano-selenium
via liquid-phase reduction for the efficient mercury
adsorption at ambient temperature, and proposed a
purification process of mercury selenide (HgSe). However,
this approach is unsuitable for the high-temperature
industrial flue gas systems, because it may result in
decreased adsorbent activity. Consequently, amorphous
elemental selenium is not applicable for the high-
temperature mercury removal as confirmed by the
experimental data of Wang et al.’”!
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(7) Regenerable magnetospheres adsorbents

Magnetospheres are a solid byproduct of fly ash from
coal-fired power plants®"), mainly composed of iron oxides
and possessing certain capabilities for mercury oxidation
and adsorption®. By virtue of the magnetic characteristics,
the magnetic beads adsorbed with mercury can be
efficiently separated from fly ash by magnetic separation, so
as to realize the recycling. Zhang et al.”"! first proposed a
novel concept using magnetic beads for the mercury
removal. Figure 12 illustrates the technical principle of
mercury removal technology with recycled modified
magnetospheres. Firstly, the magnetic separator is used to
efficiently separate the magnetic beads from fly ash, and the
adsorbed mercury is separated by thermal desorption, with
the desorbed gas entering a mercury recovery unit for
elemental mercury extraction, while the treated magnetic
beads are regenerated by heating. Subsequently, the
mercury-removed magnetospheres were sent to a
modification device to reconstruct stable, highly active
adsorption sites on their surfaces; and the modified
magnetospheres are injected into the upstream of flue gas
before the electrostatic precipitator (ESP) to remove Hg® via
oxidation and adsorption. The spent magnetospheres enter a
magnetospheres separating device again for screening, and
finally the efficient recycling of magnetospheres is realized.
The mercury removal and recovery system using
magnetospheres is composed of magnetospheres separation
devices, magnetospheres regeneration and mercury
recovery devices, and magnetospheres modification and
injection devices.

In 2023, the production of fly ash in China reached
approximately 827 million tonnes®”. The magnetic beads
content in fly ash from different sources varies
considerably, generally ranging from 0.5% to 18.1%"".
Based on this estimation, approximately 6.2 million tonnes
of magnetic beads could be produced annually in China,
indicating the enormous potential as a mercury removal

adsorbent with outstanding cost competitiveness. Compared
with conventional adsorbents, magnetospheres have the
advantages of low cost, recyclability, and easy
separation”, The iron content in magnetospheres typically
ranges from 27.4% to 50.4%, with a primary constituent of
Fe;0,, y-Fe,0;, a-Fe,0; and silicate glass phases containing
Fe?* and Fe’; and the proportion of iron phases varies in the
magnetic beads from different power plants. Among them,
Fe,0, and y-Fe,0; are the key magnetic components®,
accounting for 54.5%—82.9% of the iron-containing
substances. Studies have demonstrated that, apart from
reaction temperature, the iron content of magnetic beads is a
critical ~factor influencing the mercury removal
performance”. Yang et al’ conducted the mercury
removal performance tests with magnetic beads from
multiple power plants in the temperature range of 100—
400 °C, with the results indicating an optimal Hg’ removal
capability at 250 °C. Compared with the coal in the United
States, the coal in China has markedly lower chlorine
content (63—318 mg/kg), substantially below the average
level of American coal (approximately 628 mg/kg)®”.
Furthermore, China possesses abundant coal reserves, and
the combustion environments are complex, which makes it
particularly important to develop an oxidant that can
efficiently remove mercury even under conditions of no or
low HCI concentration. Yang et al.l'® modified the
magnetospheres with CuCl, using the equal volume
impregnation method, resulting in an increase in mercury
removal efficiency to 90.6%. The optimal performance of
adsorbent was achieved at a CuCl, loading of 6% and a
reaction temperature of 150 °C. This adsorbent exhibited a
minimal influence on the SO, and NO activity in the flue
gas, with good resistance to SO, and H,O poisoning!®' 7%,
The mechanism of the interaction between CuCl, on the
modified magnetic beads surfaces and Hg" is illustrated in
Figure 13.
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Fig. 13 The mechanism of CuCl, and Hg0 on the surface of
modified magnetospheres!*"!
(with permission from Elsevier)

Under conditions of the coexistence of O, and HCI,
CuCl,-modified magnetic beads exhibited excellent
regenerability. This was attributable to that O, facilitated the
conversion of Cu’ to Cu?*, thereby accelerating the catalytic
oxidation of Hg’; simultaneously, HCl compensated for the
chlorine consumption during HgCl, formation, stabilizing
the mercury conversion to Hg** speciation.

4.2 Catalytic oxidation mercury removal technology

Among numerous photocatalytic mercury removal
materials, TiO, is the most extensively applied
representative catalyst!” ' which has been widely
studied and applied due to its excellent chemical stability,

low cost, non-toxicity, and outstanding photocatalytic
activity!'®!, However, the electron-hole pairs generated by
TiO, under illumination conditions rapidly recombine in a
very short period of time, significantly limiting its
photocatalytic efficiency. To address this limitation and
enhance the mercury removal capability, researchers have
proposed various modification strategies. Among them,
cerium oxide (CeO,) has outstanding optical and catalytic
performance due to its reversible redox properties of
Ce*/Ce*" thereby garnering widespread attention in the
photocatalytic mercury removal research!'”. In addition,
bismuth-based photocatalysts are a class of visible light
catalysts with promising applications, which have a narrow
bandgap, strong internal electric field, and much higher
photocatalytic performance than common nanocatalysts. As
illustrated in Figure 14, Zhang et al.'”” pioneered the
development of modified bismuth-based catalysts and their
first application in visible-light photocatalytic mercury
removal, wherein iodine-doped bismuth tungstate catalytic
materials achieved an increase in elemental mercury
removal efficiency from 9.1% to 87.6% under visible light
irradiation.

In summary, the advantages and limitations of the
existing mercury emission control technologies are
presented in Table 1. For instance, although activated
carbon-based adsorbents demonstrate the relatively stable
mercury removal performance, the higher preparation and
operating costs and the sensitivity to the variations in the
flue gas composition result in limited engineering
adaptability.
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Table 1 Advantages and disadvantages of existing mercury emission control technologies

Mercury emission

control technology Category

Advantages

Disadvantages

Adsorbent injection flue Activated carbon Technology is mature and commercially used

gas mercury removal
technology

Biomass-derived
carbon

Fly ash

Natural mineral
adsorbents

Metal oxide

Low raw material cost

Low price and wide range of sources

Low price, abundant reserves, and strong
adsorption capacity

Abundant oxygen active sites and good

High operating costs, with risk of
secondary mercury release, and increased
burden on dust collector equipment

Low adsorption capacity, and poor
regeneration performance

The mercury removal efficiency is
significantly influenced by its
physicochemical properties

Many impurities and complex composition

Poor resistance to SO,

mercury removal performance

Precious metal
adsorbents

Sulfur-based
adsorbents

Selenium-based
adsorbents

High mercury removal efficiency and strong
resistance to flue gas components

Excellent sulfur resistance and water tolerance

Selenium and mercury have a strong binding
force, and HgSe exhibits extremely high

High cost

Narrow operating temperature range

Insufficient adsorption rate

stability

Regenerable
magnetic beads
adsorbents

Photocatalytic oxidation
mercury removal
technology

Low cost, highly efficient and recyclable

The particle size of magnetic beads is
small, needing high-precision separating
equipment

Efficient mercury oxidation, environmentally ~ Strong dependence on light source, poor
friendly

adaptability to flue gas

In contrast, non-carbon-based adsorbents have alleviated
the application challenges faced by carbon-based materials
to some extent; however, these adsorbents usually have
complex synthesis processes, high costs, and stringent
application conditions, currently remaining only in the
experimental research stage. Catalytic mercury removal
technologies face the significant challenges including strong
dependence on the light sources and poor flue gas
adaptability, making the industrial-scale application
difficult. Magnetic beads adsorbents use the magnetic
components in fly ash to efficiently remove mercury with a
regeneration and cyclic operation, having great potential for
application. Consequently, given the harsh conditions such
as high flue gas volume, low pollutant concentration, and
large dust loads in power plants, the development of
economically efficient mercury removal technologies is an
important direction for future development.

4.3 Demonstration and application of flue gas mercury
removal technology

This subsection presents some non-carbon-based
adsorbent technologies for the coal-fired flue gas mercury
removal that have been demonstrated in domestic power
generation units. Relevant studies have identified the
optimal operating parameters for these adsorbents through
field trials, providing important references for the future

commercial ~ demonstration of mercury  removal
technologies. Additionally, a comprehensive evaluation of
the advantages and disadvantages of the aforementioned
technologies is provided.

4.3.1 Mineral adsorbent jet mercury removal

Liu et al."*® evaluated the mercury removal performance
of modified mineral adsorbents (CuBr,-modified coal-
bearing claystone partings, designated CuBr,-TCS) in a
demonstration project at a domestic 50 MW power plant
(Figure 15)!'% and investigated the effects of injection rate
and particle size on the mercury distribution in various solid
and liquid emission products. The results showed that when
CuBr,-TCS was injected at 67.4 kg/h with a particle size of
300 mesh, the relative removal efficiency of total mercury
(Hg™) in flue gas at the WFGD outlet reached 82.9%,
indicating CuBr,-TCS with promising industrial application
prospects. Additionally, higher injection rates and smaller
particle sizes of CuBr,-TCS resulted in an elevated mercury
concentration in fly ash.

4.3.2 Fly ash adsorbent injection mercury removal

Zhang et al."® employed an industrial byproduct fly ash
as the adsorbent substrate at a domestic 300 MW coal-fired
unit, modified the fly ash mechanically and chemically with
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bromide to have a high surface energy, and injected the with the magnetic beads injection, the mercury
fresh modified fly ash with active sites into the flue for concentration at the stack outlet decreased to 0.10 pg/m’,
mercury adsorption (Figure 16). By the injection and with an overall mercury removal rate of 99.3%. As
adsorption of modified fly ash or activated carbon (AC) illustrated in Figure 17, Xiao et al.l''? further validated the
adsorbents, the mercury concentrations at the ESP outlet mercury removal effectiveness of modified magnetospheres
decreased from 3.5 to 0.8 pg/m’. This demonstration in a 1000 MW unit, the largest capacity coal-fired unit
indicated that modified fly ash was comparable in domestically, achieving a flue gas mercury removal rate of
performance to ACI, and the fresh surface with higher 98.72%, with a final flue gas mercury emission
surface energy had a positive influence on adsorption. concentration of 0.334 pg/m’ and a mercury recovery rate

of 52.76% from flue gas. The modified magnetospheres
were injected into coal-fired flue gas via pneumatic
conveying; and the uniform dispersion of particles in the
flue gas was a critical factor determining the mercury
removal efficiency. Xiao et al.''*! developed a single-hole

4.3.3 Renewable magnetospheres adsorbent jetting
mercury removal

Yang et al.''” conducted the magnetospheres injection swirl injector comprising a swirling module (with the key
experiments in simulated flue gas experimental apparatus, structures such as swirling vanes, swirling sleeve, and
systematically investigating the effects of injection rate and swirling diffuser), which enhanced the magnetospheres
residence time on the mercury removal efficiency, and dispersion in the turbulent flue gas through air swirling,
determining the critical parameters such as optimal particle thereby significantly improving the adsorbent coverage and
size and residence time for the magnetospheres injection. residence time across the flue gas cross-section. The results
To validate the mercury removal performance of modified demonstrated that compared with conventional straight-
magnetospheres adsorbents in actual flue gas, Zhou et al.l''! nozzle lances, the swirl injector improved the mercury
performed the flue gas mercury removal tests using low- removal efficiency by approximately 41.3%, reaching
cost, recyclable CuCl,-modified magnetospheres (Cu-MF) 88.7%. Mercury was highly enriched on the surface of spent
in a 50 MW coal-fired unit. Field trials demonstrated that magnetic beads during mercury removal.
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Fig. 15 Injection mercury removal test of modified mineral adsorbent: (a) Injection device diagram, (b) mercury removal efficiency
from flue gas after adsorbent injection'®®!
(with permission from Elsevier)
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Fig. 17 On-site testing results of mercury removal with magnetospheres from the flue gas of a 1000 MW coal-fired unit: (a) Device
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(with permission from Elsevier)

Although modified mineral and modified fly ash
adsorbents have successfully achieved efficient mercury
removal from coal-fired flue gas in practical applications,
maintaining the flue gas mercury concentrations at low
levels, from the perspective of mercury migration and
transformation, the gaseous mercury in flue gas is merely
transferred to the solid-phase product-fly ash. The mercury
present in the fly ash poses potential risks of secondary
release, and the mixing of mercury containing adsorbents
may also affect the secondary utilization of fly ash. In
contrast, magnetospheres mercury removal technology not
only achieves highly efficient mercury removal (near zero
emissions) before the dust collector but also enables the fly
ash collected at the bottom of the precipitator following the
mercury removal to be regenerated through magnetic
separation. The regenerated and reactivated magnetic beads
can be re-injected into the flue duct for subsequent mercury
removal cycles, thereby effectively mitigating the risks of

secondary mercury release and having great prospects for
widespread application and promotion.

5 Resource recovery technology for mercury
from multi-phase products of coal combustion

In March 2022, the Fourth Conference of the Parties to
the Minamata Convention (COP4) explicitly stated that
primary mercury mining will be completely phased out by
2032. As the country with the largest global demand for
mercury, China will face a severe shortage of mercury
resources, with the mercury market price continuing to rise.
As of September 2024, the price of mercury has exceeded
1.4 million CNY/tonne!""*!. Consequently, there is an urgent
need to adopt high efficient recovery technologies to treat
large amounts of mercury-containing waste, in order to
promote the sustainable use of mercury resources. Based on
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this context, the development of the third-tier mercury
reduction strategy for engineering applications requires the
establishment of a comprehensive technical system
combining the high efficient mercury removal from flue gas
with the mercury resource recovery. After mercury removal
by adsorbent flue gas injection, the fly ash, gypsum, and
recyclable mercury-containing magnetic beads that were
originally disposed of as hazardous waste are converted into
high-value mercury resources. This enables the paradigm
shift from “pollution control” to “resource recycling” while
ensuring the near-zero mercury emissions, thereby achieving
overall optimization of environmental benefits, economic
viability, and engineering feasibility. This subsection first
summarizes the current mercury recovery technologies from
mercury-containing waste, then proposes that future
research directions should focus on the high-value-added
utilization of products, and developing the integrated
technologies that can simultaneously achieve high-efficiency
mercury removal from flue gas and resource recovery.

5.1 Mercury recovery technology by pyrometallurgy

Pyrometallurgical mercury recovery processes have been
extensively developed and applied. This technology uses
the characteristics of mercury volatilization at high
temperature to extract mercury from waste and recover
liquid elemental mercury through three sequential steps of
pretreatment, thermal treatment, and condensation
purification. Massacci et al.l'""*! successfully recovered all
mercury from a waste via thermal desorption at S00—700 °C
without any pretreatment. Park and Rhee!"'” determined the
mercury content in the waste fluorescent lamp phosphor by
pyrolysis technology, and found that the optimum
conditions were 400 °C of temperature and 6 h of retorting
time. To further enhance the mercury recovery efficiency, a
vacuum thermal desorption method was developed. Lee et
al.'"" processed a mercury-containing waste under vacuum
conditions at 400 °C and 6.6 kPa pressure, achieving a
mercury recovery rate of 75.23%. Liu et al.'™® utilized a
microwave heating technology to reduce the activation
energy for mercury desorption, reaching 99.98% of mercury
removal with treatment at 500 °C for only 30 min.
Nevertheless,  pyrometallurgical — mercury  recovery
technologies have certain limitations. On the one hand,
impurities such as sulfur and chlorine present in waste can
affect the purity of the recovered products and may lead to
secondary pollution; on the other hand, this method has
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Fig. 18 Fluorescent lamp magnetic material electrocatalytic recovery of elemental mercury

high energy consumption and is not suitable for processing
the waste with low mercury content.

5.2 Mercury recovery technology by hydrometallurgy

Hydrometallurgical mercury recovery technology has
become the main development direction for mercury
recovery processes. The technical core of this method is to
transfer mercury from solid-phase waste to the liquid phase
through leaching solution, with the mercury existed in the
form of ions, followed by recovery of the liquid mercury via
electrochemical reduction or chemical precipitation.
Hydrometallurgical technology has the advantages of low
energy consumption and less secondary pollution. Coskun
et al.'""”! successfully recovered the majority of mercury
through oxidative leaching hydrometallurgical extraction,
employing three distinct reducing agents for the
cementation. Hu et al.l'*"! utilized an electroleaching process
to treat the waste lamp phosphor, achieving a mercury
recovery rate of 99% (as illustrated in Figure 18). Ozgur et
al.l?l developed an equipment system that captures
mercury with nanoadsorbents and recovers mercury through
electrolysis. This system utilized a magnetite nanoparticle
adsorbent that could remove up to 90% of mercury vapor
within 1 h and could be regenerated without losing activity,
achieving a mercury vapor recovery rate of 85% within 4 h.
Al-Ghoudi et al."™ first proposed that combining microwave-
assisted leaching with conventional acid leaching could
double the amount of mercury leached, and microbial
strains could subsequently treat the leached mercury. Bussi
et al!"®! integrated sodium hypochlorite extraction with
photocatalytic process, using titanium oxide as the catalyst
and citric acid as the reducing agent, successfully
recovering over 95% of mercury. Back et al.'"* enhanced
the mercury recovery efficiency from sludge by the
introduction of NaOH. In summary, the hydrometallurgical
mercury recovery technology can overcome the limitations
of pyrometallurgical recovery methods; however, there are
several challenges to face, particularly the substantial
consumption of chemical reagents during leaching and the
difficulties associated with the wastewater treatment.
Consequently, future research should thoroughly investigate
the leaching solution selection and process flowsheet
optimization for the hydrometallurgical mercury recovery
technologies to satisfy the efficiency and economic
requirements of industrial-scale applications.
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5.3 Mercury high value-added utilization technology

With the increasingly severe shortage of mercury
resources in China and the continuous improvement of
environmental protection standards, conventional mercury
recovery methods are difficult to meet the dual requirements
of economic benefits and environmental protection at the
same time. Therefore, how to achieve diversified waste
recovery processes and high-value-added utilization of
mercury has become a research priority among scholars.

Mercury and selenium exist as associated elements in
certain minerals. Fu et all'*! developed a mercury
extraction method for heavy acid sludge, employing a
mixed heating method of hydrochloric acid and
chlorohydrochloric acid to obtain a mixed solution of
mercuric chloride, followed by alkali neutralization for the
selenium separation and recovery, and finally extracting
high-purity mercury by vacuum rectification. Wang et al.!'2*!
roasted an acid sludge under inert gas atmosphere,
achieving the synergistic recovery of both mercury and
selenium, coupled with cyanidation for the gold and silver
extraction. Furthermore, the high-value transformation of
mercury products is a critical direction for technological
upgrading. As illustrated in Figure 19, mercury selenide
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Crystal surface
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o 20
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(HgSe) exhibits exceptional optical properties and can serve
as raw material for the high-end applications such as solar
cells and mid-infrared photodetectors, possessing a
considerable market value. Xiao et al.'?”! proposed a
method for the directional capture of mercury from flue gas
using high-activity selenium, successfully synthesizing
mercury selenide raw materials with excellent optical
properties, which can be extended to the field of optical
device development in the future.

Furthermore, as illustrated in Figure 20, Xiao et al.l'*®
fabricated a porous spherical carrier based on the extrusion-
spheronization method, and subsequently synthesized a
formed selenium-based adsorbent through nano-selenium
modification for packed fixed-bed applications to achieve
directional recovery of mercury from flue gas. This
adsorbent had a capacity of 101.04 mg/g, substantially
exceeding that of conventional adsorbents. Additionally, a
process scheme for directional recovery of HgSe and the
carrier regeneration using selenium-based forming
adsorbents was proposed.

Based on the aforementioned approach, a HgSe high-
value recovery system capable of stable operation under
industrial flue gas conditions is developed (as illustrated in
Figure 21(a), (b)).
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Fig. 20  Schematic diagram of flue gas mercury removal principle using selenium-loaded adsorbent (Se/SiO,)!"**
(with permission from Elsevier)
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This system integrated with the magnetospheres mercury
removal technology, in which mercury desorbed from the
high-concentration mercury-laden magnetospheres surfaces
entered the mercury recovery unit for directional recovery,
with direct synthesis of HgSe product, ultimately forming
an integrated technology combining magnetospheres
mercury removal and mercury recovery (as illustrated in
Figure  21(c)). Compared with the developed
magnetospheres  mercury technology, this
approach not only achieves efficient mercury removal
from flue gas but also successfully recovers HgSe
product, preventing the mercury transformation into other
products and associated secondary release risks, embodying
the concept of “detoxifying with waste, transforming waste
into treasure.”

In the future, the mercury emission reduction in coal-
fired flue gas will advance toward the integration of
mercury removal and mercury recovery, as well as the high-
value utilization of products, which have stringent
requirements on the purification processes and high-value
application technological pathways of mercury products.

removal

6 Summary and Outlook

6.1 Summary

China’s energy structure has long been dominated by
coal, with the coal-based energy system remaining
irreplaceable in its strategic position. Given the diverse coal
types and complex combustion furnace configurations in
China, there is an urgent need to develop differentiated
whole-process mercury control strategies. Based on a
systematic analysis of the occurrence forms of mercury in
coal-fired flue gas and its migration-transformation patterns
within ultra-low emission pollutant control systems, this
review summarizes and compares the control technologies
at different stages about the technical path and engineering
feasibility, obtaining a hierarchical technical understanding.
Currently, as the first tier of strategy, the synergistic
mercury removal based on the existing pollutant control
devices is the foundational pathway for mercury emission
reduction in the coal-fired units. However, the removal
effectiveness of this strategy is mainly influenced by the
flue gas composition, operating parameters, and the
coupling relationships between pollutant control devices. It
has the advantages in controlling the particulate-bound
mercury (Hg") and oxidized mercury (Hg"), but its removal
capability for elemental mercury (Hg") is limited. To
address this limitation, the second tier of strategy involves
the development of adsorption and catalytic oxidation
technologies, particularly the regenerable fly ash magnetic
beads mercury removal technology, which has shown
promising potential for enhancing the Hg” removal
efficiency and possesses prospects for the engineering-scale
application. Based on the first and second tier of strategies,

this review prospectively proposes a third-tier mercury
control strategy, namely the development of multi-phase
product resource utilization technologies for coal-fired
power plants, which is of significant importance for
achieving the emission control of full-species mercury in
coal-fired flue gas and the mercury resource high-value
utilization. Among them, magnetospheres mercury removal
and the HgSe recovery technology enable the enrichment
and centralized recovery of mercury during flue gas
treatment, fundamentally avoiding the secondary pollution
while greatly reducing the system operating costs, thereby
realizing the technical concept of “detoxifying with waste,
transforming waste into treasure.” In summary, the three-
tier mercury emission reduction strategy exhibits a
progressive evolution from “synergistic control” to “active
removal,” and subsequently to “resource utilization” in the
technical objectives and implementation pathway. This not
only aligns with the current mercury removal technologies
in the coal-fired power plants in China, but also provides
systematic technical support for meeting the requirements
of the Minamata Convention and increasingly stringent
mercury emission standards.

6.2 Outlook

With the continuous advancement of the implement of
international Convention compliance
requirements, mercury emissions from coal-fired flue gas in
China will face the increasingly stringent standards in the
future, while the resource recovery and high-value
utilization of mercury will become principal development
trends. Research priorities should concentrate on the
following aspects:

(1) The structure-activity relationships between coal
type differentiation and mercury emission characteristics
should be elucidated. There are many kinds of coal and
combustion furnaces in China, and there are obvious
differences in mercury content, occurrence form and
thermal conversion characteristics of coal in different
regions. Future research should focus on revealing the
influence mechanisms of coal differences on the mercury
migration, release, and speciation transformation during
combustion. Through big data analysis and statistical
modeling, a quantitative structure-activity relationship
model between coal characteristics and mercury emission
behaviors should be established, which can accurately
predict the mercury emission level and provide scientific
basis for the coal-fired power plants to choose suitable
mercury control strategies.

(2) The study on the synergistic mercury removal by
conventional flue gas purification equipment under flexible
peaking operation modes in the power plant should be
conducted. For SCR systems, the development of the
catalysts with dual functions for mercury removal and
denitrification and the establishment of an efficient,
recyclable catalyst regeneration system to enhance the

Minamata
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activity and life under low-temperature and complex
operating conditions should be focused on. Simultaneously,
CFD and other numerical simulation tools should be
employed to optimize the catalyst layout and reactor
structures, improving the gas-solid contact efficiency. For
WEFGD systems, because most current synergistic mercury
removal research remains at laboratory scale, there is an
urgent need for the demonstration studies under industrial
operating conditions to identify the critical influencing
factors for Hg’ re-emission and propose targeted control
measures.

(3) The demonstration and application of a near-zero
emission technology for all forms of mercury should be
enhanced. At present, the mercury removal technology with
adsorbents is mostly focused on the laboratory research,
with significant disconnect from engineering applications.
Current adsorbent mercury removal technologies are
predominantly concentrated on the laboratory research.
Therefore, future efforts should be made on the field
demonstration and applications of adsorbents/catalysts. On
the one hand, a prediction model for the mercury removal
efficiency of adsorbents should be built, the structure of
injection devices by using simulation software such as
Fluent should be optimized, and the pilot-scale mercury
removal trials should be carried out to realize the directional
design and engineering optimization of adsorbents; on the
other hand, via the strengthening of demonstration and
promotion of the mercury removal and mercury recovery
technologies with magnetic beads, the technology with low-
cost, high efficient and universal application will be finally
formed.

(4) The directions for resource recovery and high-value
utilization of mercury should be expanded. With the
Minamata Convention explicitly prohibiting the mining of
primary mercury mines from 2032, the demand for mercury
resource recovery is increasingly urgent. Conventional
pyrometallurgical recovery suffers from high energy
consumption and high risk of secondary pollution, while the
hydrometallurgical recovery faces the environmental
pressures from wastewater treatment. Future research
should first explore the efficient and economical mercury
recovery process for the multi-source byproducts in the
coal-fired power plants. Second, consideration should be
given to the high-value transformation of recovered
mercury into the high value-added products such as
electronic materials or other chemicals. Finally, addressing
the issue of secondary products including wastewater and
residues from mercury recovery processes to minimize the
environmental pollution is one of the key tasks for the
future technological development.
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