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lower process burden and a defined final endpoint, directing recoverable streams toward resource recovery and
other residues toward durable stabilization. This system-level perspective positions low-carbon heavy-metal control
as an important direction for cleaner industrial flue-gas management.

INTRODUCTION

Heavy metals emitted from high-temperature indus-
trial sectors, such as coal combustion, waste-to-en-
ergy incineration, nonferrous smelting, and cement
production, represent a notoriously recalcitrant class
of atmospheric pollutants'*. Unlike conventional
pollutants (SO,, NO_, and particulate matter) that
are easily captured by mature, process-specific con-
trol units, heavy metals exhibit highly complex
behaviors. During thermal processes and subsequent
flue-gas cooling, they undergo consecutive volatiliza-
tion, heterogeneous chemical transformation, and
gas-particle redistribution'. Because their ecotoxi-
cological hazards are profoundly severe even at trace
concentrations, achieving near-zero emissions is
imperative™®. However, their highly dynamic nature
means that effective abatement can no longer rely on
simple physical filtration or non-reactive scaveng-
ing. Instead, designing efficient mitigation strategies
requires a molecular-level understanding of metal
volatility, thermodynamic speciation, and interfacial
reactions with flue-gas constituents®?.

The transport and environmental fate of heavy met-
als are initially dictated by their thermodynamic
volatility. Highly volatile metals (such as Hg) bypass
conventional particulate traps by remaining predom-
inantly in the vapor phase across an extensive
temperature range’. Conversely, moderately volatile
metals evaporate in the high-temperature zone but
subsequently undergo gas-to-particle conversion via
homogeneous nucleation or heterogeneous conden-
sation onto fine ash. While less volatile metals are
preferentially retained in solid residues such as bot-
tom ash or slag, their migration pathways can still be
chemically altered"""). Crucially, elemental volatility
alone cannot fully predict heavy metal behavior
under realistic industrial conditions. The co-exis-
tence of reactive flue-gas components (O,, HCI/CL,
SO,/H,S), coupled with the steep thermal gradient
from furnace to tail-end cleaning devices, triggers
chemical reactions that transform metallic vapors
into diverse oxides and chlorides, with sulfate or
sulfide formation depending on the sulfur source

and local redox conditions"*"*. These dynamic shifts
in chemical speciation ultimately determine whether
a metal escapes as a fugitive gas, enriches on fly ash
surfaces, partitions into wet scrubbers, or stabilizes
within solid residues.

Understanding these speciation pathways allows
heavy-metal control to be organized around coord-
inated phase regulation and interfacial chemistry
rather than a single end-of-pipe step. Adsorption
sequesters vapor-phase or semi-volatile species on
porous or reactive surfaces"”, heterogeneous cataly-
sis converts poorly capturable species into more reac-
tive forms"®!, and wet absorption transfers soluble
metal species into liquid phases for subsequent treat-
ment"”). In industrial systems, these functions are
often integrated with existing air-pollution-control
devices (APCDs), including cooling sections, particu-
late collectors, selective catalytic reduction (SCR)
units, and wet scrubbers'’. In this review, low-
carbon control is used in a qualitative system-level
sense to describe approaches that limit additional
energy consumption, reagent and material inputs,
and dedicated treatment units through process
integration and co-benefit removal. It does not
imply that every low-temperature or waste-derived
process is intrinsically low-carbon; rather, the rel-
evant objective is to achieve effective heavy-metal
control with a lower incremental process burden
and without disproportionate downstream treat-
ment requirements!"*'*),

Despite this progress, current technologies still face
system-level bottlenecks. Some catalytic and adsorp-
tive routes operate within restrictive thermal
windows, while dedicated polishing steps can also
add energy and material demand. More funda-
mentally, many routes rely on cross-media transfer,
shifting metals from the gas phase into fly ash, spent
sorbents, gypsum, wastewater, or sludge without

[7,20-22

necessarily ensuring long-term stability”***?. Recov-
ery from these heterogeneous secondary streams is
also difficult, so captured metals may ultimately
remain in hazardous residues rather than return to

productive use'*’!. These challenges make low-
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carbon control a system-level problem: removal
efficiency must be considered together with incre-
mental energy and material demand and the final sta-
bility or recoverability of the captured metals.

To address these challenges, this Mini Review
examines heavy-metal control in industrial flue gas
from the perspectives of physicochemical behavior,
control pathways, and system-level sustainability.
We first summarize the process-dependent volatiliza-
tion, phase partitioning, and chemical transforma-
tion of heavy metals under complex flue-gas condi-
tions, with particular attention to their interactions
with reactive O-, Cl-, S-, and CO,-containing compo-
nents. We then discuss major control pathways,
including gas-phase speciation and phase regulation,
interfacial capture and conversion, and co-benefit
removal through existing APCDs. Finally, the
opportunities and remaining challenges for develop-
ing more energy-efficient and integrated heavy-met-
al control strategies are discussed, with durable stabil-
ization or resource recovery considered according to
the characteristics of the resulting metal-containing
streams.

PHYSICOCHEMICAL BASIS OF HEAVY
METAL RELEASE AND FATE IN FLUE GAS

Heavy metals are initially locked within the complex
matrices of raw ores, fossil fuels, and solid wastes.
During high-temperature industrial processes, ther-
mal decomposition, oxidation-reduction reactions,
and mineral transformations disrupt their original
chemical and mineralogical associations, releasing
metal-containing species through vaporization and
particle entrainment”**”. Once released, their sub-
sequent migration is governed by the combined
effects of temperature, gas composition, ash or min-
eral matrices, residence time, and heterogeneous

6,25-27

reactions®*?”), These factors determine the chemical
forms that enter the gas phase and their subsequent
redistribution among gaseous species, fine particles,

coarse solids, and downstream liquid phases.

Process-dependent release and phase
partitioning

The migration behavior of heavy metals within flue-
gas streams is primarily governed by their volatiliza-
tion-condensation dynamics. However, the relevant
volatility under industrial conditions is determined
by the stability and partial pressure of the actual met-

al-containing species present at a given temperature
and gas composition. Consequently, the same ele-
ment can exhibit markedly different release behavior
when its initial occurrence, redox environment, chlo-
rine or sulfur availability, and surrounding mineral
matrix change®".

As the flue gas cools, decreasing vapor pressure can
drive gas-to-particle conversion through two distinct
routes. Homogeneous nucleation occurs when super-
saturated vapors form new ultrafine particles,
whereas heterogeneous condensation and surface
reaction occur on pre-existing fly ash, mineral
aerosols, or reactor surfaces'®***). These pathways
are particularly important for semi-volatile elements
because they control both particle-size enrichment
and the subsequent efficiency of particulate capture
devices.

Mercury (Hg) serves as the prototypical highly
volatile metal. Elemental Hgo can remain in the gas
phase over much of the downstream temperature
range, but its actual speciation is strongly affected by
halogen chemistry, sulfur-containing gases, particu-
late matter, catalytic surfaces, and temperature'® ),
In chlorine-rich atmospheres, oxidative and chlorina-
tion pathways can increase the fraction of Hg(II)-
containing species, whereas Hg’ can remain
important when such conversion is limited. Thus,
Hg speciation can differ substantially between coal-
derived and chlorine-rich waste-incineration flue
gases even at comparable downstream temperatures.

Arsenic (As), cadmium (Cd), lead (Pb), thallium
(T1), antimony (Sb) and zinc (Zn) can undergo
appreciable high-temperature release followed by
substantial redistribution during cooling*®>>***1,
Their behavior is particularly sensitive to chemical
form. For example, chlorine can enhance the vapor-
phase transfer of Pb and Cd through the formation
of chloride species, whereas reactions with mineral
matrices or reduced sulfur species can favor con-
densed or particle-associated forms under suitable
conditions”?***. By contrast, chromium (Cr), nickel
(Ni), copper (Cu), manganese (Mn), cobalt (Co), alu-
minum (Al) and tin (Sn) are generally more strongly
associated with solid residues under typical ther-
mal-treatment conditions, although their partition-
ing also varies with feed composition and process
atmosphere»**2*?7),
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In real flue gas, heavy metals exist as oxides, chlo-
rides, sulfides, or particle-bound species, whose
volatility can differ sharply from that of the ele-
mental form. The thermal behavior of these species
also differs fundamentally: some compounds under-
go conventional melting and boiling, whereas others
sublime, decompose, or transform before a normal
boiling transition is reached. Selected phase-transi-
tion data for representative elemental forms, oxides,
chlorides, and sulfides are summarized in Table 1.
These data provide useful thermophysical context
for interpreting metal release and condensation,
while actual flue-gas partitioning remains dependent
on species partial pressures, gas composition, redox
conditions, and mineral or particulate interactions.

Interactions between heavy metals and reactive
flue-gas components

The environmental fate and chemical transforma-
tion of heavy metals in flue gas are strongly gov-
erned by their interactions with reactive nonmetal
components, including O,, HCI, SO,, CO, and H,O.
These gaseous species regulate a series of heteroge-
neous and homogeneous reactions, such as oxida-
tion, chlorination, sulfation/sulfidation, and mineral-
ization, thereby determining the distribution of met-
als among the gas phase, fine particulate matter, wet
scrubbing solutions, and stabilized solid
residues!***.

Oxygen chemistry plays a critical role in controlling
the redox conversion and oxide formation of heavy
metals in flue gas. The presence of O, can promote
the oxidation of elemental and low-valence metal
species into higher oxidation states or oxide phases,
resulting in changes in volatility, polarity, surface
affinity, and interaction with particulate matter or
sorbents.

For Hg, oxidation of Hgo to oxidized Hg(II) species,
such as HgCl, or surface-bound Hg-O/Cl species,
generally enhances downstream capture efficiency
due to their higher water solubility and stronger
adsorption affinity""**. For As, changes in oxidation
state influence its interaction with Fe- and Ca-con-
taining mineral phases, and oxidized As species can
be incorporated into condensed mineral phases
through heterogeneous reactions'*"**. For Pb and
Cd, oxide formation may enhance their association
with fly ash and mineral surfaces; however, the stabil-

ity and retention efficiency of these oxide species
depend strongly on temperature, gas composition,
and subsequent heterogeneous reactions.
Importantly, oxidation does not necessarily lead to
permanent immobilization, because metal oxides
may undergo further chlorination, sulfidation, hydra-
tion, or surface-mediated redistribution during cool-
ing and post-combustion processes!'***’).

Chlorine-containing species represent one of the
most influential factors controlling heavy-metal
volatility and migration behavior. HCI, Cl,, alkali
chlorides, and chloride-rich fly ash can promote the
transformation of metals or metal oxides into chlo-
rides through gas-phase reactions and solid-gas inter-
actions. For mercury, chlorination is generally con-
sidered beneficial because oxidized Hg-Cl species
are more readily captured by downstream sorbents
or wet-cleaning processes than Hg'***], In contrast,
chlorination of semi-volatile metals, including Pb,
Cd, Sb, and As, may increase their volatility by gener-
ating mobile chloride-containing species, thereby
facilitating vapor-phase transport and
enrichment”***. Consequently, chlorine exhibits a
dual regulatory role: it can promote downstream Hg
capture when suitable conversion and collection
pathways are available, but may simultaneously
enhance the volatilization or fine-particle enrich-

ment of other metals.

Sulfur-containing chemistry is more complex
because sulfidation, sulfation, and sulfur-functional-
ized chemisorption represent distinct mechanisms.
Sulfidation requires a sufficiently low oxygen poten-
tial and an available reduced sulfur source; under
these conditions, metal sulfides such as HgS, CdS, or
PbS can form or become stabilized****). In an
oxidizing flue gas dominated by O, and SO,, howev-
er, bulk sulfide formation is not necessarily thermod-
ynamically favored, and sulfate formation or sulfur-
induced modification of surface chemistry can
become more important. Sulfur-functionalized
sorbents provide a further pathway in which reactive
surface sulfur species directly bind or transform
gaseous metals without requiring precipitation of a
bulk sulfide phase®. SO, can additionally modify cat-
alyst and sorbent performance by occupying active
sites, altering surface redox chemistry, or competing
with chlorine-mediated reactions”. Thus, sulfur can
either promote retention or suppress capture
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Table 1. Selected phase-transition data of heavy metals and representative compounds relevant to flue-gas behavior

Elemental form . . . Thermal behavior . Thermal behavior
Element Oxide Thermal behavior (°C) Chloride : Sulfide '
(((9) (°C) (°C)
386 (a-p trans.)
He s HEO 500 (decomp;atm. NRY"  HgCl, 207 EE‘;’-))BQ] HgS 446 (subl, p-HgS)
. -P. ke 583 (subl., a-HgS)B*
N 817 (m.p., ~ 28 atm) 312.3 (m.p.) -16 (m.p.) 310 (m.p.)En
As 613 (subl., 1atmy= 505 465 (subl./vap e ASCL 1302 (bpyn ASSs 707 (b.py
cd 321.07 (m.p.) cdo 1,559 (subl.; decomp. also cdcl 568 (m.p.) cds 980 (subl, Ny, 1 atm)
767 (b.p.)" reported; atm. NRY®” 2 960 (b.p) 1750 (m.p., 100
! atm)2)
~300 (m.p., WHO)“3)
304 (m.p.) 596 (m.p., CRC)B7 430 (m.p.) 448.5 (m.p.)3!
Tl 1,473 (b.p.)en 70 ~1,080 (decomp.; atm. Ticl 720 (b.p.)“3! TS -
NR)[A}]
327.46 (m.p.) 887 (m.p.) 501 (m.p.) 1,113 (m.p.)
Pb 1,749 (b.p.)B" PbO 1,470 (b.p.)B7 PbCl, 950 (b.p.)B" PbS 1,281 (subl.)B”
1,020 (B-a.trans.)
419.53 (m.p.) 1,975 (m.p.) 290 (m.p.)
Z Z ZnCl Z ~11 I, B-
n 907 (b.p.)i" N0 2360 (b n-k 732 (b.p.)i ns Zr’é&fs“b B
N 630.63 (m.p.) 655 (m.p.)4 73.4 (m.p.) 550 (m.p.)B7
° 1,587 (b.p.)o” 005 12251550 (vap/subly=  °E 2203 (bpyen 5,55
1,495 (m.p.) 905-925 (decomp. to CoO, 735 (m.p.) 1,117 (m.p.)B7
o Zemmprn 0 e CoCl 1049 (bpye Cos
1,152 (m.p.)
1,907 (m.p.) 2,435 (m.p.) 1,350 (m.p.)B"
C Cr,0 CrCl 1,300 . atm. Cr,S
r 2,671 (b.p.)" 24,000 (bp.)e rCl, NR)mJ( ecomp,; atm s
> 300 (progressive
1,084.62 (m.p.) ~1,026-1,030 (decomp.; atm. decomp.; atm. NR) ~220 (decomp.; atm.
cu 2,562 (b.p.)r" Cuo NR)B7 Cucl, ~ 993 (decomp.; atm. Cus NR)71
NR)[37]
1,246 (m.p.) 1,840 (m.p.)B7" 650 (m.p.) ~ 1,655 (m.p.)we!
Mn 2,061 (b.p.)" MnO MnCl, 1190 (b.p)e" MnS .
1,001 (m.p., sealed tube)
371 371
Ni 12‘;?2’ E:'pi?m No 990 (m.p.) NiCl, 993 (subl., 760 NiS 97 (m.p.)
, -p. mmHg)Es!
247 (m.p.)
231.93 (m.p.) 1,630 (m.p.)#7 . ) 880 (m.p.)
on 2,602 (b.p.)=" 310 1800-1,900 (subl)e” sncl; 22R3)£]52 (decompsatm. 505 4 210 (b.p.)

As* and Sb* are chemically classified as metalloids but are included here because they are commonly assessed together with heavy metals in
environmental-emission and pollution-control studies. (1) m.p.: Melting point; b.p.: boiling point; subl.: sublimation; decomp.: decomposition; vap.:
vaporization; trans.: solid-state phase transition; atm. NR: decomposition atmosphere not reported in the cited source. (2) Unless otherwise
specified, b.p. and subl. values refer to approximately 1atm. “-" indicates that a sufficiently reliable simple transition was not assigned. Values are
reference data for pure substances; actual partitioning also depends on species partial pressures, gas composition, redox conditions, and
interactions with ash or mineral matrices. (3) Standard elemental and conventional compound transition data were cross-checked against the CRC
Handbook®”.. Condition-dependent or non-conventional cases were additionally verified using dedicated authoritative sources: NiCl, and Co,0,>%,
Hg/HgCl,/HgSB%, As/As,0,% and AsCl,/As,S,11, CdSH?], Tl species®®, Sb,0,44, Co,0, oxygen-pressure dependence!*), MnSt#¢l, and Sn
compounds®”, The Tl,0 melting points of ~300 °C (WHO) and 596 °C (CRC) are retained as separate reported values® 3, (4) Special conditions
are stated directly in the table where essential. In particular, elemental As melts only at elevated pressure (28 atm) but sublimes near 613 °C at 1
atm°3; CdS sublimes near 980 °C in N, at Tatm, whereas the reported 1,750 °C melting point was measured at 100 atm™?’. Anhydrous NiCl, melts
at 1,001 °C in a sealed tube and sublimes at 993 °C under 760 mmHg (- 1atm)i8, The sealed-tube entry does not specify the internal pressure;
vapor retention makes this melting datum distinct from the atmospheric-pressure sublimation datum. Co,0O, is reported to decompose to CoO in air
at 905-925 °CE8; its dissociation temperature depends on oxygen partial pressurel*s. For entries marked atm. NR, no decomposition atmosphere is
specified in the cited source, and the approximately 1 atm convention for boiling or sublimation is not extended to decomposition.

depending on its chemical form, oxygen potential, reactions, surface hydroxylation, and aqueous-phase

and the nature of the reaction surface. transfer during wet scrubbing, whereas CO, may
facilitate carbonate formation and mineralization of
In addition to O,, HCI, and SO,, CO, and H,O also

participate in the transformation and stabilization of

certain metals, particularly in alkaline ash or sorbent
systems””**.. Meanwhile, nitrogen oxides (NO,) may

heavy metals. Water vapor can promote hydrolysis  indirectly affect metal transformation by altering oxi-
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Representative Speciation Reactive nonmetal
heavy metals transformation components
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@ Mercury — ¢------- Sl « 0 0,
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A
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Figure 1. Interaction network between heavy metals and reactive nonmetal components in flue gas. The figure illustrates representative
components and processes; additional effects of H,O and NO, are discussed in Section Interactions between heavy metals and reactive
flue-gas components. Representative metals including Hg, As, Cd, and Pb interact with O-, Cl-, S-, and C-containing components to form
oxides, chlorides, sulfides, sulfates, and particle-associated species. O, promotes oxidation; HCI, Cl,, and Cl-containing species drive
chlorination; SO, in oxidizing gas contributes to surface sulfation and sulfate formation, whereas H,S and other reduced sulfur sources can
drive sulfide formation at sufficiently low oxygen potential; and CO, contributes indirectly through mineralization and carbonate-related
capture. These transformations determine three major fates: gas-phase persistence, fine-particle enrichment, and solid-phase

stabilization.

dation pathways, radical chemistry, and catalyst-me-
diated reactions?>??. Collectively, these met-
al-nonmetal interactions establish a dynamic chem-
ical network that governs the persistence, partition-
ing, and stabilization of heavy metals in flue gas [Fig-
ure 1]. The same gas component may promote cap-
ture under one set of conditions but enhance volatil-
ization, competitive adsorption, or secondary redis-
tribution under another. This condition-dependent
chemistry provides the mechanistic basis for the
phase regulation and interfacial control strategies dis-
cussed in Section CONTROL PATHWAYS
ALONG THE HEAVY-METAL FATE CHAIN.

CONTROL PATHWAYS ALONG THE HEAVY-
METAL FATE CHAIN

Heavy-metal control from flue gas should be regard-
ed as an integrated process involving speciation regu-
lation, phase redistribution, interfacial capture, and
subsequent stabilization or recovery. Because Hg,
As, Cd, Pb, and other trace metals exhibit substan-

tially different volatility, chemical reactivity, and
phase-transition behaviors, no single technology can
provide a universal solution for their simultaneous
control™****”), Instead, effective strategies generally
rely on two interconnected principles: 1) regulating
metal speciation in the gas phase or through external
fields to transform volatile species into condensable,
soluble, oxidized, or chemically reactive forms; and
2) employing interfacial processes, including adsorp-
tion, absorption, catalysis, and mineral stabilization,
to achieve subsequent capture, phase transfer, and
stabilization. This concept is consistent with the
operational principles of existing air pollution con-
trol devices, including cooling sections, dust col-
lectors, wet scrubbers, selective catalytic reduction
(SCR) units, and sorbent-injection systems. The fol-
lowing discussion organizes control technologies
according to their function along the heavy-metal
fate chain, from upstream speciation and phase regu-
lation to interfacial capture and downstream stabil-
ization.
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condensed HMs

chlorinated HMs

Figure 2. Gas-phase speciation and phase regulation of heavy metals before downstream capture. (A) Condensation, (B) Homogeneous
oxidation and (C) Plasma-assisted conversion. HM: Heavy metal; PM: particulate matter.

Gas-phase speciation and phase regulation
Gas-phase regulation occurs before heavy metals are
ultimately transferred to sorbents, liquid phases, par-
ticulate matter, or catalytic surfaces. Its primary func-
tion is not necessarily direct removal, but rather the
transformation of metal species and regulation of
their partitioning among gaseous, particulate, and
condensed phases. Representative approaches
include controlled cooling and condensation, homo-
geneous chemical oxidation, and field-assisted activa-
tion [Figure 2].

Controlled condensation represents one of the most
straightforward physical approaches for regulating
the phase partitioning of semi-volatile metals. Dur-
ing flue gas cooling, supersaturation of metal-con-
taining vapors may induce nucleation, condensation,
or deposition onto fly ash particles and reactor
surfaces [Figure 2A]. This pathway is particularly
important for As, Cd, Pb, and Sb, which volatilize
under high-temperature conditions and sub-
sequently undergo enrichment on fine particles dur-
ing cooling"**’!. Because cooling can be integrated
with existing heat-exchange, quenching, particu-
late-removal, or wet-cleaning processes, it may
reduce the need for an additional dedicated treat-
ment step in some process configurations. However,
condensation itself represents a phase-transfer pro-
cess rather than complete removal. The condensed
species may remain in the form of submicron par-
ticles, soluble chlorides, or weakly bound surface
deposits, requiring subsequent filtration, absorption,
or stabilization'*. For Hg', simple cooling is gener-
ally insufficient because of its high volatility and low
condensation tendency under typical downstream
conditions'®”).

Homogeneous oxidation regulates heavy-metal
behavior through gas-phase oxidants, halogen
species, or reactive radicals [Figure 2B]. Hg' is the
representative target, whereas Hg(II) species, particu-
larly HgCl, and other oxidized compounds, are
more reactive and more easily removed
downstream'*”). Halogen chemistry plays a central
role in this process. Bromine-containing species gen-
erally exhibit higher oxidation activity toward Hg
than chlorine-containing species, whereas chlorine
remains highly relevant in HCl-rich flue gases and
catalyst-assisted oxidation systems!**.. More recently,
machine-learning analysis has provided a quantita-
tive perspective on how flue-gas composition and
operating conditions jointly regulate homogeneous
Hg’ oxidation. Using gas composition and operating
parameters as model inputs, Zhang et al. identified
Cl,, HCI, initial Hg’ concentration, temperature,
HBr, and SO, among the most influential variables
governing predicted Hg' oxidation'**. These outputs
reinforce the view that homogeneous oxidation is a
coupled multivariable process governed by oxidant
identity, temperature, reactant concentration, and
competing flue-gas constituents. In addition,
advanced oxidation approaches based on ozone,
photochemical activation, and other reactive oxygen
species have demonstrated potential for enhancing
Hg’ conversion while simultaneously affecting NO,
and organic pollutants'®. Although homogeneous
oxidation can be effective, its low-carbon
performance should be assessed together with
oxidant consumption, corrosion risk, halogen slip,
residual oxidants, and the possible formation of
volatile chloride species from semi-volatile metals
such as Pb, Cd, As, or Sbl**¢’!, Future low-carbon
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design should therefore minimize additional chem-
ical input while retaining sufficient pre-conversion
to improve downstream capture and avoid
secondary metal migration.

Plasma-assisted conversion provides a field-driven
approach for low-temperature heavy-metal specia-
tion regulation [Figure 2C]. Nonthermal plasma gen-
erates energetic electrons, excited molecules, O-,
OH., O,, and other reactive species without requir-
ing bulk heating of the entire flue-gas stream!**.
These reactive species can promote oxidation and
may also participate in the simultaneous transforma-
tion of multiple pollutants under O,-, H,O-, HCI-,
NO-, and SO,-containing atmospheres'®”. Unlike
conventional activation by bulk-gas heating, nonther-
mal plasma uses energetic electrons to generate reac-
tive species at relatively low gas temperatures!****7"),
However, its practical application remains limited by
energy efficiency, byproduct formation, humidity
effects, and scale-up challenges. Plasma-catalyst cou-
pling can partially address these limitations because
catalysts may improve reaction selectivity and
reduce the required energy input, whereas plasma
supplies reactive intermediates that are difficult to
generate under mild conditions. Xie et al. coupled
nonthermal plasma oxidation with downstream
dynamic-wave wet scrubbing for the simultaneous
control of Hg’, NO, and SO,"". The integrated pro-
cess achieved removal efficiencies of 98% for SO,
50.9% for NO, and 51.3% for Hg'"".. The markedly
lower direct removal of NO and Hg’ compared with
SO, reflects their poor aqueous solubility and the
need for prior oxidative conversion. Plasma-generat-
ed reactive species first transformed these poorly cap-
tured pollutants into more reactive and water-acces-
sible forms, after which the dynamic-wave scrubber
intensified gas-liquid contact and transferred the
oxidized products from the gas phase into the
scrubbing liquid. In the optimized plasma-catalys-
t-scrubbing system using M(Ce,Cu)-Mn/13X, the
reported removal efficiencies of SO,, NO, and Hg
reached 100%, 98.7%, and 96%, respectively”. These
results indicate that effective plasma-assisted control
depends on the sequential coupling of gas-phase acti-
vation, catalytic conversion, and downstream phase
transfer, rather than on plasma oxidation alone. The
energy requirement of plasma-assisted systems
should also be considered when evaluating their
practical applicability. In a separate plasma-only

Hg"/O,/N, experiment in the same study, approxi-
mately 63% Hg’ conversion was obtained at an inlet
Hg’ concentration of 100 pyg m™~, O, and N, flow
rates of 250 and 700 mL min™, respectively, and a dis-
charge frequency of 300 Hz, at an specific energy
input (SEI) of 640 J L (~ 0.178 kWh m?)!""). The
51.3% and 96% Hg’ values both describe overall
removal through the scrubbing stage, whereas the
63% value measures conversion in the plasma
reactor alone under the Hg"/O,/N, feed. The 640 J L
benchmark therefore applies to this separate plas-
ma-only test; the energy demand of the optimized
96% removal configuration requires an energy
inventory for its reported operating conditions. How-
ever, the reported SEI represents only the electrical
energy delivered to the discharge zone and does not
include additional inputs associated with power-sup-
ply losses, auxiliary power, catalyst production,
scrubbing reagents and pumping, and treatment of
Hg-containing residues. Therefore, the advantage of
catalyst-assisted plasma processes should be evaluat-
ed based on the reduction in total energy and mater-
ial requirements needed to achieve a given removal
target, together with the downstream management
of captured mercury-containing streams.

Interfacial capture and conversion

The removal of volatile heavy metals is primarily gov-
erned by reactions occurring at gas-solid or gas-lig-
uid interfaces. From an interfacial perspective, major
removal pathways can be categorized into three
fundamental processes: adsorption and catalytic
conversion at gas-solid interfaces, and absorption at
gas-liquid interfaces [Figure 3]">"). These processes
perform different functions along the heavy-metal
fate chain: adsorption transfers metals onto solid
surfaces, catalytic conversion modifies their chem-
ical speciation, and absorption transfers soluble or
reactive species into the liquid phase.

In gas-solid adsorption, gaseous or condensable
heavy-metal species are transferred to solid surfaces
through external mass transfer and pore diffusion,
followed by physical adsorption, chemisorption, or
surface reaction. Porous carbon materials provide
large surface areas and accessible transport
pathways, whereas sulfur-, halogen-, oxygen-, and
metal-containing functional groups can strengthen
metal-surface interactions or promote transforma-
tion into less mobile surface species!”. Beyond
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carbonaceous materials, mineral sorbents, metal
oxides, metal sulfides, fly ash-derived materials, and
waste-derived porous materials provide additional
platforms for heavy-metal capture!””®. Li et al.
designed a carbon material, hydrogen-substituted
graphdiyne (HsGDY), featuring a hexagonal pore
structure (16.3 A) and an extended n-conjugated
carbon skeleton composed of aromatic rings and
acetylene linkages””. HsGDY enables highly efficient
gaseous Hg’ capture via an in situ adsorption-cou-
pled oxidation process, benefiting from its large
hexagonal pores and uneven surface charge. These
features promote rapid Hg' diffusion and effective
electron transfer to form strongly bonded Hg, with a
reported adsorption capacity of 0.71 ug/m?’, which is
23.66 and 17.75 times those of graphdiyne (GDY)
and activated carbon (AC), respectively. In the labo-
ratory fixed-bed experiment, the mass-normalized
uptake was 113.5 pg g over 90 min under nitrogen
containing 340 ug m* Hg'""\. The practical sorbent
requirement depends on mass-normalized
breakthrough capacity, contact time, and gas compo-
sition. The study also examined temperature effects,
SO, exposure, and eight adsorption-desorption
cycles; these results establish laboratory
performance, while continuous operation in a
complete flue-gas mixture and production-scale
synthesis remain to be demonstrated.

Multielement surface chemistry can further
strengthen Hg fixation: Se-halogen systems can form
highly stable Hg Se X, (X = Cl, Br, or I) phases, while

SO,-driven selenite-chloride surfaces have been

shown to promote rapid Hg’ deposition and stable
Hg,Se,Cl, formation”®”!. For semi-volatile metals
such as As, Cd, Pb, and Sb, adsorption commonly
occurs together with condensation and enrichment
on particulate surfaces. Potential process-level
advantages of adsorption include relatively simple
reactor configurations and compatibility with exist-
ing particulate-control systems. Biomass- and waste-
derived carbons provide additional feedstocks for
this adsorption strategy'**.

In gas-solid catalytic conversion, solid materials func-
tion primarily as reaction platforms rather than pas-
sive storage media. Catalysts activate O,, HCI, H,O,
lattice oxygen, or other flue-gas components to
convert poorly capturable metal species into more
oxidized, chlorinated, or otherwise capturable forms.
Catalytic surfaces can activate O, and HCl and
promote the participation of surface or lattice oxy-
gen in converting poorly capturable metal species
into oxidized or chlorinated forms"**"****). H O can
modify interfacial chemistry and the availability of
adsorption sites, with its effect depending on the cat-
alyst and gas composition***”), Hg’ oxidation over
SCR catalysts and transition-metal oxides is a repre-
sentative example because the resulting Hg(II)
species can subsequently be captured through wet
scrubbing or retained by downstream solids"*?. Yang
et al. developed a single-atom Fe-decorated N-
doped carbon catalyst for the simultaneous conver-
sion of NO and Hg"**!. The Fe -N,-C sites exhibited
tavorable adsorption and activation of NO and O,

while maintaining catalytic activity in the presence
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of SO, under the reported conditions®!. In addition,
catalytic conversion alone does not constitute perma-
nent removal: the products must ultimately be immo-
bilized on solids, transferred into liquids, or separat-
ed with particulate matter. Catalyst poisoning, com-
petitive adsorption, product accumulation, and loss
of active surface species must therefore be consid-
ered together with apparent conversion efficiency.
This single-atom system provides laboratory evi-
dence for site-specific activation and sulfur toler-
ance, while industrial maturity requires sustained
conversion under representative space velocities,
combined impurities, and repeated regeneration. Rel-
evant engineering comparisons must also include cat-
alyst preparation and replacement, pressure loss, the
downstream Hg(II) capture step, and the final mer-
cury balance.

In gas-liquid absorption, heavy-metal species cross
the gas-liquid interface and undergo dissolution,
complexation, oxidation-reduction reactions, or
precipitation. This pathway is particularly effective
for water-soluble oxidized species such as HgCl, and
can be integrated with wet flue-gas desulfurization
and other existing scrubbing systems'**. The overall
efficiency of absorption depends not only on gas-lig-
uid mass transfer but also on liquid-phase reaction
kinetics and product stability. For example,
absorbed Hg(II) may be reduced by sulfite or other
reductive components and regenerated as volatile
Hg', resulting in secondary emission'**.. Similarly, dis-
solved As, Cd, and Pb require subsequent conver-
sion into stable precipitates, concentrated products,
or recoverable resources®*. From a low-carbon per-
spective, absorption systems should also be evaluat-
ed according to reagent demand, pumping energy,
wastewater generation, sludge production, re-emis-
sion control, and downstream treatment require-
ments.

Collectively, gas-solid adsorption, gas-solid catalytic
conversion, and gas-liquid absorption constitute a
continuous reaction network rather than isolated
treatment technologies. Adsorption provides direct
capture, catalytic processes regulate metal speciation
and reactivity, and absorption enables transfer into
the liquid phase for subsequent chemical treatment.
Their effective integration determines whether heavy
metals are merely redistributed among different
phases or are ultimately stabilized, recovered, or

directed toward a controlled final sink within the
treatment system.

Co-benefit control in conventional air-pollution-
control devices

Co-benefit heavy-metal control is achieved not
through a single dedicated device, but through the
sequential matching of heavy-metal speciation with
the conversion and capture functions already avail-
able in conventional air-pollution-control systems.
Figure 4 represents a functional sequence: source
release, controlled cooling, catalytic conversion,
optional sorbent injection, particulate control, wet
scrubbing, and residue management, rather than a
universal equipment configuration. Although the
specific arrangement varies among coal combustion,
waste incineration, and nonferrous smelting, the
underlying principle remains consistent: volatile met-
al species are first transformed into more condens-
able, adsorbable, or soluble forms, subsequently
transferred into solid or liquid sinks, and finally sta-
bilized or recovered from the resulting residues'"*/.
This integrated strategy may reduce additional
energy and material requirements by maximizing
the utilization of existing APCDs instead of introduc-
ing independent energy-intensive units specifically
for trace-metal removal.

At the emission source, heavy metals are released in
substantially different chemical forms depending on
their volatility, feedstock composition, and combus-
tion or thermal-processing conditions. Less volatile
metals are preferentially retained in bottom ash or
slag, whereas semi-volatile metals may vaporize as
elemental, oxide, or chloride species and sub-
sequently redistribute during cooling"'. The heavy-
metal control pathway should be considered as
comprising multiple interconnected streams, includ-
ing particle-associated metals, semi-volatile metal
vapors, and gaseous mercury. Downstream control
devices do not remove elements independently of
their chemical form; rather, they capture the specific
species generated and delivered by upstream thermal
processes.

Controlled cooling provides the first opportunity for
phase redistribution and partial capture. As tempera-
ture decreases, supersaturation promotes nucleation,
condensation, and adsorption of semi-volatile met-
als onto entrained ash particles. As, Cd, Pb, Zn, and
related elements may therefore shift from the vapor



Qi et al. Greenverse Sci. 2026, 1, 17

Page 11 of 19

Source release Cooling + Catalytic conversion

| — 1
 m— [\
—
) Condensed/
- particle-bound
— ’ ‘ H ‘ .
—_— —
[ I |
Incinerator Heat Exchanger SCR

Particulate control Wet scrubbing Emission
1 1 1
"""" ~
I AC , Fly ash/ Gypsum/ O
1 (optional) ! | Spent sorbent Waste water S
particle-bound \; H J \; o f.. i
H
HMs 1l LI 9 > I
" VM !
ESP/BF WFGD Stack
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precipitator; BF: fabric filter; WFGD: wet flue-gas desulfurization; HM: heavy metal.

phase toward fine particulate fractions that are acces-
sible to dust collectors*>*. However, cooling should
be regarded as a phase-regulation step rather than as
complete removal. Metal enrichment frequently
occurs on ultrafine particles, while volatile chlorides
and condensable species may remain difficult to col-
lect.

Laboratory and field studies show that SCR-mediat-
ed Hg’ oxidation can facilitate downstream capture
by particulate-control and wet-desulfurization
units**". Nevertheless, SCR should be considered a
speciation-conversion unit rather than a final mer-
cury sink. Its co-benefit performance depends on
flue-gas composition, catalyst condition, and operat-
ing temperature®. NH,, SO,, and H,0O can modify
Hg’ conversion through competitive adsorption and
changes in surface chemistry®>*®/,

Sorbent injection combined with particulate control
represents the primary solid-phase capture pathway.
Activated carbon, functionalized carbon materials,
mineral sorbents, or recycled fly ash can be injected
upstream of electrostatic precipitators (ESPs) or fab-
ric filters to enhance the adsorption of Hg and other
volatile metals”®*?. The subsequent dust-collection
stage removes fly ash, condensed metal species, and
spent sorbents. In a field study of six municipal solid
waste (MSW) incinerators, Li et al. estimated that
achieving 90% overall Hg removal required increas-
ing activated-carbon injection from approximately
100 mg Nm™ to 135 mg Nm™ for grate furnaces and

170 mg Nm™ for circulating fluidized-bed
furnaces"'. The corresponding additional sorbent
demands of approximately 35 and 70 mg Nm"™ illus-
trate how a higher removal target can increase mater-
ial consumption and metal-bearing solid waste.

Wet scrubbers and wet flue gas desulfurization
(WFGD) systems provide the final liquid-phase cap-
ture pathway for water-soluble heavy-metal species.
Soluble metal chlorides and entrained fine particles
can be transferred into the liquid through dissolu-
tion, complexation, precipitation, and droplet cap-
ture processes!*.

The ultimate goal of co-benefit heavy-metal control
is therefore not simply removal from the gas stream,
but effective residue management. Fly ash, spent
sorbents, gypsum, scrubber sludge, and wastewater
concentrates containing captured metals may
remain environmentally mobile or thermally remobi-
lizable if not appropriately treated*°"l.
Consequently, the optimal APCD configuration
should not maximize the performance of individual
units independently. Instead, it should minimize
total energy consumption, pressure loss, reagent
demand, wastewater generation, and secondary
waste formation while maintaining a closed heavy-
metal mass balance!™**).

LOW-CARBON AND FATE-ORIENTED
ASSESSMENT
Heavy-metal control should be evaluated beyond the
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decrease in stack concentration. As discussed above,
conventional APCD trains can remove substantial
fractions of Hg, As, Cd, Pb, and other metals
through cooling-induced phase transfer, catalytic
conversion, particulate collection, and wet absorp-
tion. However, these processes do not destroy the
metals; they redistribute them into fly ash, spent
sorbents, gypsum, sludge, wastewater, or other
secondary streams. From a low-carbon perspective,
the key question is therefore not whether a technol-
ogy operates at low temperature or uses a nominally
“green” material, but what additional energy, rea-
gent, and material inputs are required to achieve the
desired control and how much downstream treat-
ment is subsequently needed. Process integration
and co-benefit use of existing APCDs are particu-
larly important because they can reduce the incre-
mental burden associated with dedicated heavy-met-
al treatment.

Assessment should report both greenhouse-gas emis-
sions per volume of gas treated and, where a
complete metal balance is available, per mass of met-
al captured at the specified removal target. Electric-
ity and heat supply, sorbent and oxidant production,
pumping and pressure loss, regeneration, material
replacement, and waste treatment should be includ-
ed within the stated boundary. Techno-economic
assessment follows the same inventory: annualized
equipment costs, operating costs, service life, and
residue-management costs determine the expense
per mass of metal controlled. For existing APCDs,
the incremental costs and emissions attributable to
additional metal control are particularly relevant.
Loss of activity in wet, acidic, or particle-laden gas
can increase regeneration and replacement
frequency and therefore alter both cost and carbon
performance.

Available quantitative evidence illustrates this sys-
tem dependence. For the same annual Hg’-removal
target of 78 kg, Park and Hong reported aggregated
life-cycle impacts of 0.027 kPt for SCR-assisted con-
trol and 0.483 kPt for activated-carbon injection
(ACI), mainly because the sorbent-based route
required greater material and energy inputs"®. These
kPt values are aggregated environmental-impact
scores rather than carbon footprints; they quantify
the overall burden for the cited study’s annual
removal target. The field-scale ACI evidence in the
section of "Co-benefit control in conventional air-

pollution-control devices and the plasma discharge
benchmark" in the section of "Gas-phase speciation
and phase regulation” provide complementary
inventories expressed per gas volume. Using the plas-
ma discharge demand reported by Xie et al.”", unit
conversion gives 640 ] L' = 0.178 kWh m™ (1 kWh =
3.6 MJ). For a specified electricity supply, the corre-
sponding electricity-related contribution is approxi-
mately 0.178 x EF . kg CO,-equivalent m before
accounting for power-supply losses, where EF__is
the electricity emission factor in kg CO,-equivalent
kWh™. A numerical estimate requires a factor docu-
mented for the supply location and reference year.
The cited experiment does not specify such a factor,
so this expression remains conditional. Auxiliary
power, catalyst and reagent production, and residue
treatment require additional inventory data. These
inputs should be recorded together with inlet metal
concentration, removal efficiency, operating dura-
tion, and the downstream metal sink so that their
accounting boundaries remain explicit.

Carbon-specific evidence is also available for
downstream residue management. For the treatment
and disposal of 1 Mg of municipal solid waste incin-
eration (MSWTI) fly ash, Huber et al. reported cli-
mate-change impacts of approximately 1,400 kg
CO,-equivalent for thermal treatment in a dedicated
furnace, 550 kg CO,-equivalent for cement stabiliza-
tion, and 260 kg CO,-equivalent for thermal co-treat-
ment with combustible hazardous waste**. In the
co-treatment scenario, the burden of the reference
hazardous-waste disposal process was subtracted to
allocate the impact to fly ash treatment. The same
study reported a net climate-change impact of
approximately -1 kg CO,-equivalent per Mg of fly
ash for the FLUREC metal-recovery scenario (acidic
fly ash extraction with integrated zinc recovery),
after credits for avoided primary-metal production
and reduced quicklime use'”. This result reflects the
study’s substitution assumptions and residue-treat-
ment boundary. These results locate the carbon bur-
den within a defined residue-management boundary
and show why the final treatment route must be
included in assessments of flue-gas metal control.

Supplementary Table 1 compiles quantitative evi-
dence along the heavy-metal control and residue-
management chain. The operating conditions, study
scale, reported indicators, assessment boundaries,
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Figure 5. System-level limitations of current heavy-metal control technologies. Energy and material inputs associated with
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and missing inventory items are specified for plasma
conversion, activated-carbon injection, process-level
life-cycle assessment, and fly ash treatment. These
considerations lead directly to the three system-level
limitations summarized in Figure 5. The left panel
represents the additional energy and material bur-
den associated with catalyst or adsorbent prepara-
tion, plasma or oxidant consumption, and energy-
intensive reaction conditions. The central panel high-
lights re-release or desorption, acid-driven leaching,
and the generation of metal-bearing secondary
wastes, emphasizing that capture alone does not
ensure a stable final sink. The right panel concerns
the limited circularity of many captured-metal
streams, where complex composition, low tar-
get-metal concentrations, and difficulties in selective
separation reduce the feasibility and economic value
of recovery. These three limitations are interconnect-
ed rather than independent. Increasing the intensity
of front-end capture may raise material and energy
demand; unstable products create additional stabil-
ization requirements; and complex secondary
residues make recovery more difficult. Figure 5
therefore links the control pathways discussed above
with the downstream environmental and resource
consequences that ultimately determine whether a
high-removal process is also compatible with low-
carbon control.

Cross-media redistribution is particularly important
in this assessment. Full-scale MSWI measurements
show that effective stack control can transfer Hg,
Cd, Pb, Cu, and Cr into bottom ash and
downstream APC residues rather than eliminate
them!””. Wet scrubbing also generates metal-bearing
gypsum and wastewater streams that require further

86,87

treatment or disposal®**”. The environmental signif-

icance of this transfer depends on the stability of the
resulting chemical forms. Metals retained in fly ash
or spent sorbents may still leach or remobilize dur-
ing disposal®®*, and Hg(II) captured in wet flue-
gas-desulfurization systems can be reduced and re-
emitted as volatile Hg under unfavorable solution
conditions®>'*>""), These processes can offset the
apparent benefit of high stack removal by introduc-
ing additional stabilization, wastewater treatment, or
disposal requirements. Consequently, residue stabil-
ity and re-release potential should be considered
together with removal efficiency when judging the
overall burden of a control route.

The final management pathway should therefore
depend on both residue characteristics and treat-
ment demand. For dilute or heterogeneous streams,
durable stabilization may be more realistic than
resource recovery. CO,-assisted carbonation and

related mineralization routes are attractive because
they can combine carbon utilization with reduced
mobility of some metal species, although the
response remains element- and matrix-
dependent*>'?!. For streams containing recoverable
Cu, Zn, or other valuable metals, hydrometallurgical
treatment is an option when metal concentrations
and separation selectivity support recovery! s,
Integrated processes have demonstrated the
technical feasibility of recovering valuable metals
from MSWI fly ash, but they commonly require
leaching, selective extraction, purification, adsorp-

104-108

tion, and wastewater treatment! | Recovery is
therefore not intrinsically lower-carbon than stabil-
ization; its benefit depends on whether the avoided
resource and disposal burdens exceed the additional

chemical and energy inputs required for separation.
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Overall, low-carbon heavy-metal control should be
understood as a system-level direction rather than a
label attached to any single technology. Future devel-
opment should combine effective removal with low-
erincremental energy and material demand,
stronger integration with existing APCDs, and delib-
erate management of the captured-metal stream.
Where recovery is technically and environmentally
justified, concentrated residues can be directed
toward selective separation and resource recovery;
where it is not, the priority should be durable chem-
ical or mineral stabilization with minimal secondary
treatment. Such an approach is consistent with the
broader objective of reducing atmospheric heavy-
metal emissions without transferring an excessive
energy, material, or environmental burden to
downstream processes.

CONCLUSION AND OUTLOOK

Heavy-metal control in industrial flue gas should be
understood as a continuous fate-regulation process
rather than as an isolated removal step. The volatility
and chemical speciation established during high-
-temperature processing determine subsequent con-
densation, adsorption, catalytic conversion, and
absorption, while conventional APCDs redistribute
the captured metals into fly ash, spent sorbents,
gypsum, sludge, and wastewater. Accordingly, high
stack-removal efficiency is only one component of
effective control. The additional energy and material
inputs required for removal, together with the stabil-
ity and final destination of the transferred metals,
determine whether an apparently efficient process
provides a genuine environmental benefit. Existing
life-cycle studies already demonstrate that both the
choice of front-end control route and the
downstream treatment of metal-bearing residues can
substantially alter the overall environmental
burden"®*.

Future control strategies should therefore integrate
emission reduction with deliberate regulation of the
final metal-containing stream. Where existing
APCDs provide sufficient phase conversion and cap-
ture, maximizing these co-benefit functions can lim-
it additional energy and material consumption.
Where further intensification is required, sorbent,
reagent, and external-energy inputs should be justi-
fied by the additional removal achieved and by their
effects on downstream residue generation. More
importantly, capture should be coupled to a defined

endpoint. Concentrated and selectively separable
streams may support regeneration and metal recov-
ery, whereas dilute or compositionally complex
residues may require conversion into low-mobility
mineral or chemical forms®"'***’. The appropriate
pathway will therefore vary with metal concentra-
tion, speciation, toxicity, recoverability, and the
energy and reagent requirements of downstream
treatment.

To translate this fate-oriented framework into
practical decision-making, future studies should
establish evaluation protocols that bridge controlled
laboratory experiments and realistic operating envi-
ronments. Validation should progressively move
from simplified gas mixtures toward pilot-scale con-
ditions incorporating representative H,0, SO,, HCI,
NO,, and particulate components, because these
species can simultaneously influence metal specia-
tion, surface reactivity, and phase transfer. Long-
term operation should be evaluated not only by
removal efficiency but also by breakthrough behav-
ior, catalyst or sorbent deactivation, corrosion, and
redistribution of metals across the treatment train.
For regeneration-based processes, the recovered
capacity, energy and reagent requirements, metal
release during regeneration, and material replace-
ment frequency should be quantitatively assessed.
Meanwhile, the stability of final metal-containing
streams, including fly ash, spent sorbents, gypsum,
sludge, and wastewater concentrates, should be veri-
fied through leaching and aging assessments.
Integrating these measurements with closed metal
balances and energy/material inventories will be
essential for linking laboratory-scale performance
with operational burden, carbon demand, and the
ultimate environmental fate of captured metals.

Ultimately, the next stage of heavy-metal control
should move from maximizing removal at individual
unit operations toward minimizing the combined
burden of emission control and final metal manage-
ment. A low-carbon and fate-oriented system should
use the least additional energy and material neces-
sary to transfer metals from flue gas into either a
recoverable product or a demonstrably stable sink.
Establishing this connection between speciation, cap-
ture, cross-media transfer, and final environmental
endpoint provides a more meaningful basis for
designing heavy-metal control systems compatible
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with increasingly stringent emission and carbon-
reduction targets.
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