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Emissions of toxic heavy metals (HMs), as Hg, As, Cd, Pb, etc., and some harmful compounds of F, Se,
and B are related to waste streams from coal-fired power plants (CFPP). Coal/lignite combustion, due to rel-
atively high content of ash, sulfur, and chlorine, generates in flue gas cleaning processes tremendous amount
of fly ash, CaSO, and CaCl,. Measures for minimization of Hg- and NOx-emissions (e.g. addition of bromides
and NHa) change properties of fly ash, wastewater and speciation/partition of HMs. Wet flue gas desulfuriza-
tion (FGD) consumes high amount of fresh water and generates harmful wastewater with water soluble salts.
The planned, more stringent limits on emissions of dust, Hg, HCI, HF, SOy, etc. in CFPP will increase contents
of polluting compounds in solid and liquid waste streams. We critically assess possibilities, measures and ob-
stacles for higher efficiency of Hg and HMs removal from flue gas in CFPP, together with efficient removal of
other pollutants including mutual influences and interrelations. The fates of mercury, selected harmful HMs,
and some other pollutants in waste streams from wet FGD are critically analyzed and discussed. Non-toxic,
stable forms of mercury (e.g. HgS) and other HMs in solid waste should be preferred. Schemes and measures
for minimization of emissions and hazardous waste streams from air pollution control (APC) are compared

and discussed for three selected technologies of coal combustion with different methods of gas cleaning.
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1. Introduction

Mercury (Hg) is a naturally occurring element pre-
sent in the Earth’s crust mainly in the form of HgS. Nat-
ural sources of mercury in the environment include ele-
mental mercury vapor from volcanoes and forest fires
and the release of inorganic mercury by weathering,
movement of water and transformation in atmosphere
[1]. More recent anthropogenic sources include burning
of coal and fossil fuels [2], mining of mercury, precious
metal refinement [3], electrical and automotive part man-
ufacture, and chemical processing, and release through
waste incineration [4], landfills [5] and industrial con-
tamination of water systems. In spite of advances in un-
derstanding the pathology associated with mercury expo-
sure [6] plenty of relations, toxic effects and bio-availa-
bilities of various complexes of mercury and heavy metal
(HM) compounds is still not fully or even in some cases
very insufficiently known and understood [7].

Nowadays, one of the decisive sources of Hg
emissions is combustion of coal due to mainly huge
amount of combusted coal/year worldwide. According to
estimates [3], about 70 % of mercury is emitted directly
to the atmosphere (as elemental mercury Hg® and Hg?*
compounds) and the rest is coupled with solid and liquid
waste streams (fly ash, wet FGD related waste, waste
liquids, etc.) from coal combustion, flue gas cleaning and
some industrial processes (cement production, non-
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ferrous metallurgy, etc.). Emissions of toxic metals like
arsenic, cadmium, lead, zinc, etc. are related mainly with
emissions of fly ash (particularly micron and sub-micron
particles) and with wet FGD, where significant part of the
remaining arsenic and lead compounds on very small
dust particles is captured [8-10]. Coals contain, however,
relatively very significant amounts of sulfur, usually
relatively lower chlorine concentration and, sometimes,
also not negligible concentrations of fluorine, bromine
and sometimes even iodine. In a combustion process [2]
the stated elements are converted into SOx, HCI, Cl,, HF,
HBr and Br,. Presence of particularly HCI, HBr (Br) and
SOx in flue gas has impacts on mercury speciation and
on volatility and capturing of some other HMs in flue gas
cleaning lines.

In flue gas desulfurization facilities (FGD), the pres-
ence of particularly HCI may increase alkali sorbent con-
sumption and HCI, HF and HBr/Br; have the influence
on wastewater treatment [11]. Content of bromine in
coals is variable and is only partly related with chlorine
content [12]. Fate, partitioning and forms of mercury, ar-
senic, selenium, chlorine, fluorine and bromine depends
on coal combustion technology, flue gas cleaning line ar-
rangement and conditions [8,9,13]. Particularly chlorine
and bromine are found in liquid waste as water soluble
chlorides and bromides (waste water, waste slurry) from
wet flue gas cleaning methods. Coal combustion and
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waste incineration waste ash materials and flue gas clean-
ing residues present huge amount of waste material with
content of heavy metals, rare earth elements [14,15],
CaSO0, and other (e.g. MgSO4, FeSQOy) sulfates, sulfites,
chlorides, fluorides, bromides (e.g. CaCl,, CaF,, CaBry),
nitrates, etc. Generally, only a part of the combustion res-
idues (some part of fly ash, and of residues from wet FGD
processes) is utilized in building industry, in cement pro-
duction, etc. [16], but a substantial part of the waste from
APC is still disposed/landfilled.

The Ca-salts (sulfates/sulfites, chlorides, fluorides,
bromides) in wet FGD [17-20] have different solubilities
in water. Solubility of CaF; in water is only around 150
mg/l at 20 °C. Solubility of CaSO42H.0 in water is
about 2.4 g/l. Solubilities of CaCl, and CaBr- in water are
high (more than 200 g/liter). Moreover, particularly
CacCl, forms hygroscopic hydrates (e.g. CaCl,-2H,0 and
CaCly-6H,0) causing sticky nature of solid waste con-
taining CaCl..

Fate of mercury in a flue gas cleaning process with
SCR de-NOx, dust filtration (electrostatic precipitator
(ESP) or fabric filters) and wet FGD depends highly on
Hg-speciation (ratio of Hg?*/Hg?), temperature of APC
steps and on presence of unburnt carbon residues in fly
ash [2,9,21-26]. The oxidized form of mercury (mainly
HgCl,) is absorbed either in the quencher or in the ab-
sorber (wet FGD) utilizing limestone slurry for SO, ab-
sorption/removal. Efficiency of oxidized mercury (Hg?*)
removal in wet FGD depends on the re-emission of mer-
cury caused by reduction of a part of HgCl, captured [27-
29]. Reduction of HgCl; to elemental mercury is depend-
ent on conditions in wet FGD process, pH, ORP, temper-
ature, presence of complexing anions (chlorides, bro-
mides, etc.) and on precipitation removal of mercury in
form of HgS or organic compounds or their salts contain-
ing sulfur (e.g. TMT, DTCR, etc.) [20,27,30-36]. Addi-
tion of organic acids and water soluble Mg-salts for more
efficient absorption of SO has some impact (side effects)
also on mercury re-emissions [37-39].

In the case of full retention of HgCl, and mercury
related complexes in absorption slurry, partition of Hg
generally occurs in the process of gypsum production and
separation. Usually majority of water soluble Hg-com-
pounds is related with slurry waste and waste water con-
taining water soluble chlorides[27,40-42]. Separation of
bigger crystals of gypsum leads to enrichment of the re-
maining waste slurry containing also Fe, Mn, Ca and As
containing impurities [43,44]. The waste water contains
majority of alkali chlorides, bromides and a part of less
soluble CaF, [19,45]. A part of remaining water soluble
calcium sulfate, CaCl,, CaF, and aluminates can be re-
moved by precipitation - e.g. by magnesium-aluminum
oxide [46,47], by aluminum sulfate [48] or by a co-pre-
cipitation with calcium hydroxide and sodium aluminate
[49].

Generally, there is a problem with removal of mas-
sive concentrations of chlorides, smaller concentrations
of bromides, selenium compounds (selenites and sele-
nates) and boron, and small concentrations of Hg from
wastewater after wet FGD [50,51]. Challenge in the
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wastewater treatment and management is attaining the
status near zero (waste) liquid discharge (near ZLD),
which implies production of solid salts and recycling (re-
use) of the relatively clean resulting water in the wet FGD
[52-54]. The concept of zero liquid discharge means
wastewater treatment process reducing wastewater
amount and producing clean water suitable for reuse. The
ZLD technologies consist from brine concentrators and
crystallizers that use thermal evaporation to turn the brine
into highly purified water and solid dry product, ready
either for landfill disposal (solidified/stabilized) or for
salt recovery. Besides traditional processes based on
evaporator/crystallization systems there are also other
promising technologies: electro-dialysis/electro-dialysis
reversal (ED/EDR), forward osmosis (FO), membrane
distillation (MO) and other similar processes [19,54-57].

Environmentally acceptable solutions of solid waste
from FGD processes mean that the solid waste materials
from wet (or dry) FGD with contents of HMs, selenium,
etc. are in water insoluble or very sparingly soluble
forms, fixed in a water insoluble form in mineral or other
matrix (stabilized and solidified) or at least encapsulated
by solidified materials eliminating solubility [52,58,59].
The solidified and stabilized solid waste should involve
heavy metals in form of non-toxic (non-hazardous) com-
pounds: mercury as HgsS, arsenic, mostly captured on fly
ash and partly in wet FGD systems, is stabilized by pres-
ence of oxidized form of arsenic (As®*) and by interaction
with mainly Fe;Os; and CaO [9,60-62]. Moreover, non-
metallic pollutants (e.g. selenium and boron) should be
in water insoluble or sparingly soluble forms. In enhance-
ment of mercury oxidation in flue gas by HCI and/or
HBr/CaBr; addition (for better sorption of mercury on fly
ash particles and efficient absorption of oxidized mercury
in wet FGD systems), the side effects of bromine and
chlorine on formation of brominated/chlorinated organic
persistent compounds [63,64] boiler corrosion should be
carefully taken into account [64-66].

The ultimate goals of the environmentally sound
and acceptable flue gas cleaning in combustion and in-
cineration processes should be limitation of emissions of
NOy, SOy, HCI, HBr, HMs, with simultaneous applica-
bility of ash based waste, possible recovery of REE and
other valuable elements from coal/lignite ash (bottom
ash, fly ash), minimization of production of hazardous
waste, water consumption saving (adherence to near ZLD
concept) and, if possible, production of re-usable prod-
ucts from water soluble salts (CaCl,, MgCl,, etc.). The
complex problematics of deep flue gas cleaning, growing
attention paid to reduction of hazardous solid/liquid
waste generation and future strategies/possibilities of
minimization of discharge of solid and liquid waste is as-
sessed in newer review articles [16,67-70]. The new more
stringent emission limits for coal/lignite combustion
plants (see Tab. 1) are valid since August 2021 (Com-
mission Implementing Decision (EU) 2017) [71]. At the
same quality of fuels, the more efficient flue gas cleaning
means higher amount of separated fly ash and higher
amounts of Hg, sulfur compounds, chlorides fluorides
and other pollutants in wastewater and solid waste from
such facilities..
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Tab. 1: BAT associated emission levels (yearly average) for dust, Hg, SO, and HCI emissions for existing plants and

for new plants in combustion of coal and lignite

Characteristics of fuel, Dust emissions Hg emissions SOz emissions HCI emissions
combustion and thermal input (mg/Nm?) (ng/Nm3) (mg/Nmd) (mg/Nm?)
Lignite combustion Exist. New Exist. New Exist. New Exist. New
g plant plant plant plant plant plant plant plant
Thermal input > 100 MW, - - - - - - 1-5 1-3
Thermal input 100-300 MW, 2-14 2-5 <1-10 <1-5 95-200 80-150 - -
. 10-130* 10-75!
Thermal input > 300 MW, - - <1-7 <14 20-1802 20-752 B B
Thermal input 300—-1000 MW 2-10 2-5 - - - - - -
Bituminuous coal comb.
Thermal input > 100 MW - - - - - - 1-5 1-3
Thermal input 100-300 MW/, 2-14 2-5 <1-9 <1-3  95-200 80-150 - -
. 10-130t 10-75!
Thermal input > 300 MWy - - <14 <1-2 90-1807 20752 - -
Thermal input 300—-1000 MW 2-10 2-5 - - - - - -
'PCC boilers *CFB boilers
Complex effects of combustion of various fuels 2. Fate of mercury and selected elements in

(coals/lignites), fuel composition (Hg, CI, S and HM con-
tents), combustion methods (PCC, CFB combustion) and
the kinds of flue gas cleaning line composition/methods
(line with wet FGD, CFB combustion with FF, CFB com-
bustion with wet-dry calcium hydrate based method) on
emissions of mercury in Czech Republic were studied
lately [72]. The results on mercury emission without spe-
cial measures (AC injection, bromine compounds addi-
tion/dosing, without optimization of wet FGD, etc.) have
shown that fabric filters are more efficient for reduction
of mercury emissions than ESP. Significant roles are
played by temperature of gas filtration and by chlorine
content in fuels. The most efficient flue gas cleaning
method for Hg emission mitigation was found to be the
wet-dry method with fabric filters (mainly due to lower
temperature of final flue gas filtration)

The solid waste landfill of non-utilizable waste
should be minimized, it should be quite safe, without re-
lease of gaseous emissions, without generation of hazard-
ous waste, without water pollution and without danger-
ous soil transformations of pollutants [73,74].

Undoubtedly, this is a very complex and huge task,
particularly in the sector of coal-based power generation,
but also in waste incineration and cement production.
This review tries to assess the possibilities and problems
on ways leading to such a desirable status in overall emis-
sions and waste generation in CFPP with accent on mer-
cury (and some other selected HMs) pollution minimiza-
tion.

This our review does not analyze emissions and en-
vironmental impacts of oxy-fuel combustion of coals and
CFPPs with post-combustion separation technologies for
CO; from flue gas.
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flue gas filtration and NOx reduction (SCR
and particulate emission control) and utili-
zation of fly ash

Behavior, removal processes for mercury and vola-
tile HM compounds (e.g. arsenic compounds) and vari-
ous interactions of pollutants in flue gas are influenced
by flue gas composition (particularly concentrations of
HCI, SO,, NOx, HF, HBr, etc.) and by parameters/ar-
rangement of dust filters and selective catalytic reduction
(SCR) for de-NOx. HBr (due to easier formation of ele-
mental bromine) is a stronger oxidizing agent for mer-
cury and As;Os in flue gas [75-77] than HCI.

Effects of SCR on oxidation of mercury and behav-
ior of some other HMs depend on position of SCR in flue
gas cleaning line, catalysts [78-80] and on presence of
oxidants in flue gas (elemental bromine, chlorine, perox-
ides, selective catalysts, etc.).

According to Alcove Clave et al. 2019 [81], effects
of SCR catalyst on Hg-oxidation and SO- oxidation de-
pend on V,0s content in the catalyst, temperature,
NHs/NOy molar ratio, As;O3 content, presence of small
dust particles/aerosols, etc.

Generally, three positions of SCR de-NOx can be
distinguished in a typical air pollution cleaning (APC)
line in coal combustion technologies:

1. hot, high dust SCR position upstream dust filters
(most frequently ESP) with operating typically be-
tween 300 and 400 °C [82]

medium temperature, low dust SCR position down-
stream particulate filters with typical operating tem-
perature 200-260 °C [82,83]

tail end clean flue gas position downstream the wet
flue gas desulfurization (FGD) with operating tem-
perature approx. 180—260 °C and upstream flue gas
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heat exchanger for heating of flue gas to the required
de-NOx temperature [4,84].

All combinations of SCR/ESP/wet FGD in flue gas
cleaning and their operating conditions have their ad-
vantages and disadvantages, various impacts on mercury
and HMs removal efficiency, and interactions with other
pollutants. Flue gas cleaning set-up and operation param-
eters are guided by emission limits, possible utiliza-
tion/handling of waste from APC, economy, reliability,
etc. [9,82,85-87].

The tail-end position of SCR has, of course, rela-
tively low impact on mercury fate in flue gas and emis-
sions of other pollutants. Oxidation of SO, to SOz and
oxidation of ammonia (for the de-NOx) in flue gas are
negligible under such conditions. The main interaction is
sorption of a part of remaining Hg and As-based pollu-
tants on the catalyst (depending also on HCI concentra-
tion in flue gas). The advantage of such position of SCR
is relatively slow poisoning of the catalyst, because the
substances harmful for the catalysts are removed up-
stream the SCR de-NOx. Under such conditions, adsorp-
tion of mercury decreases with increasing SCR tempera-
ture and increases with Hg concentration in flue gas. Ef-
fect of Hg-speciation: higher sorption is observed for ox-
idized mercury. Sorption of mercury slightly decreases
with increasing NHs concentration [84]. The sorption of
mercury is dependent on catalyst composition, particu-
larly on V,0s content and its properties. The adsorbed
mercury can be washed out (approx. 50-80 %) from the
catalyst by diluted water solutions of HCI and acetic acid.
The amount of arsenic oxides in flue gas for interaction
with SCR catalyst depends on efficiency of arsenic re-
moval in filters (ESP, fabric filters, hot, dusty SCR) and
inwet FGD [61]. A small part of the remaining As-oxides
(if present in flue gas) can be deposited on the SCR cata-
lyst. The interactions depend on SCR catalyst composi-
tion.

The medium temperature, low dust SCR (position
downstream dust filters) contributes, according to cata-
lyst composition, to oxidation of mercury by HCI and
HBr/Br» in flue gas. HBr/Br, is more effective in Hg-cat-
alytic oxidation than HCI [88]. Particularly SCR catalyst
containing CeO2, Mn-oxides and MoQs are efficient for
mercury oxidation. Presence of high concentrations of
S0 in flue gas inhibits oxidation of Hg, but simultaneous
presence of NOy in concentrations comparable to SO-
supports also Hg-sorption and oxidation on SCR cata-
lysts. Higher concentrations of SO, together with NH; for
catalytic de-NOy can contribute to undesirable formation
and deposition of ammonium salts (sulfite, sulfate, hy-
drogen-sulfate and chloride) on the catalyst [4], particu-
larly at lower operating temperatures (below 240 °C). Ar-
senic compounds deposition/removal on SCR catalyst
downstream dust filters is not important, particularly in
the case of colder flue gas filtration with modern efficient
methods (combined filters) for removal of submicron
dust particles enriched with arsenic compounds [60,80].
The oxidation of Hg in flue gas caused by low dust SCR
has positive impact on efficiency of Hg-removal in wet
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FGD placed downstream. The low dust SCR is used par-
ticularly (but not only) for CFB combustion of high ash
lignite and subbituminous coals.

Hot (operating temperature 300—400 °C), high dust
SCR de-NOy (position upstream dust filters) suffers from
dust caused abrasion (requires special construction,
wider channels in the catalyst and periodic gas blows),
significant catalytic oxidation of SO, (esp. by V205 based
catalysts) and possible poisoning by deposition and inter-
action with arsenic and partly volatile heavy metals com-
pounds. On the other hand, mercury and oxidized Hg?*
compounds are not adsorbed on the catalyst under such
higher temperature conditions. Therefore, deposition of
mercury compounds is not a problem in such SCR. The
dust particles with oxidized mercury compounds, sulfates
and possible ammonium salts are removed in down-
stream filters (ESP). It seems that ammonia slip from
SCR can contribute to more efficient mercury removal in
downstream, consecutive ESP [89].

During the period of the past 10 years, various new
and modified SCR catalysts have been developed with
the target to reduce undesirable SO, and NHj3 oxidation,
to increase conversion of Hg to oxidized Hg-compounds
and to increase resistance of high temperature SCR cata-
lysts to abrasion and poisoning by arsenic and HM com-
pounds [22,82].

Combination of high temperature SCR with a spe-
cial catalyst for efficient Hg-oxidation together with
colder conditions for ESP filters (below 150 °C) or with
a gas cooler between SCR and ESP can remove substan-
tial part of mercury and arsenic bound with fly ash parti-
cles [22] . Special gas cooler can selectively remove con-
densed vapors of sulfuric acid (if necessary), but material
of the cooler has to withstand conditions with hot, con-
centrated H,SO4. Under such conditions of flue gas
cleaning, the heavy metals (particularly Hg, As, Pb and
Zn) are very concentrated on fly ash particles. It means,
however, also more problematic utilization of such fly
ash and more difficult stabilization/solidification for
dumping/landfilling. Mercury is present in fly ash mainly
in the water soluble form of HgCl, or HgBr, (under con-
ditions of adding HBr, S;Br, or CaBr; intentionally to
flue gas) [64,75,90,91].

Fly ash enrichment with Hg, As and generally with
heavy metals in flue gas cleaning is dependent on condi-
tions of fly ash removal: temperature, efficient removal
of submicron particles, presence of HCI/HBr in gas, un-
burnt carbon content in fly ash [92,93] and upstream
presence of SCR de-NOx. Modern combined filters (par-
ticularly combinations of ESP with electrostatically en-
hanced fabric filters with surface membranes) are very
efficient in removal of arsenic, particularly at tempera-
tures below 170 °C [24,40,61]. Presence of unburnt car-
bon in fly ash particles and HCI/HBr in flue gas together
with lower temperature conditions of ESP or other fly ash
filters cause more efficient capture of Hg in dust filters
[9,94]. Fabric filters are usually more efficient [95] in re-
moval of mercury (Hg, and Hg?*) and capturing of sub-
micron dust particles than ESP based filters. Significant
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factors in this improved efficiency are longer residence
time of particles and higher efficiency of removal of sub-
micron dust particles.

New measurements on lignite-fired power stations
in Poland [96] with dosing of bromides (mixture of
CaBr,, NH4Br, NaBr) to inlet coal (0.08 to 0.1 kg Br/ton
of coal), for lignite coals containing about 0.5 ppm Hg,
have shown that the effect of bromides dosing is depend-
ent on Ca, S, and CI content in fuels. Ca- and S-com-
pounds present in coal\lignite have negative influence on
the method (higher Br/Hg mass ratio is required). The
Br/Hg mass ratio should be higher than 100. Bromine (as
HBr) is about 100 times more efficient for Hg oxidation
than chlorine (as HCI) in flue gas. Consequence of bro-
mines application: about 75-80 % of Hg was retained in

fly ash in modern, efficient ESP - of course with impacts
on properties/utilization of the fly ash. The price of such
bromine addition method is estimated to be 3-5 times
cheaper in comparison with AC addition upstream or
downstream the ESP (fly ash filters).

Higher content of Hg- and As-compounds in filter
dust means higher potential for leaching of those heavy
metals in landfilling/disposal. Possibilities of removal of
mercury from flue gas by various measures (addition of
CaBr2/CaCl,, solid sorbents for Hg, selective oxidation
catalysts for Hg%(g) and wet FGD with special additives
for enhanced mercury sorption) are schematically shown
in Fig. 1. Additional FF is suitable for both further de-
crease of dust emissions and minimization of amount of
Hg-containing waste.

Oxidation system based on CaBr,/CaCl,/HBr addition

and/or on selective catalyst for
Hg-oxidation
- ACor
CaBr, or Selective | mineral Stack
CaCl, catalyst for ' sorbent Hg-emissions
addition Hg-oxidation : injection
‘* I
I
Coal for High dust Fabric |
combustion Boiler SCR or . \ 4 ! | Bag filter
with > PCC > low dust f":_’rpor for sorbent
Hg-content SCR |
- ]
Hg content
Hg content in fly Hg content in gypsum,
ash in spent in solid and
+ possible sorbent sorbent liquid waste

Fig. 1: Scheme of possible mercury emission control options in PCC flue gas cleaning and ways of mercury outputs
from the flue gas cleaning system. Dashed lines indicate measures for higher efficiency of Hg-removal

Simplified situation in speciation of Hg in flue gas
and in idealized, optimized effects of the important parts
of flue gas cleaning line in coal combustion on mercury
emissions, their speciation and effects of CaBr, addition
on the Hg-fate in flue gas cleaning is illustrated in Fig. 2.

If the concentrations of mercury or mercury and SO,
behind the wet FGD are still high, another method for re-
duction of Hg and SO, emissions can be used: catalytic
sorbent polymer modules (SPM, developed by Gore &
Associates). The operation conditions for the sorbent
modules are typically downstream wet FGD, at tempera-
tures between 60 and 80 °C. The catalyst in the polymer
membrane oxidizes elemental mercury and, simultane-
ously due to presence of reactive sulfur, Hg is converted
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to HgS [97]. SO; is oxidized to SO3; and converted in
presence of water vapors to sulfuric acid forming droplets
on the hydrophobic surface of the polymer modules (30
cm height).

A new approach in better mercury oxidation and re-
moval is based also on the low-dust and low-temperature
oxidation of mercury right downstream the electrostatic
precipitator (or another dust filter) and upstream of the
wet FGD [87,98]. The SCR catalyst requires also optimi-
zation in composition [99,100]. In needed/specific cases
even combination of high dust SCR, ESP, flue gas tem-
perature adjustment and catalytic oxidation of Hg by se-
lective catalysts can be considered [101] for more effi-
cient absorption of mercury in wet FGD.
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Fig. 2: Simplified scheme of mercury speciation, relative Hg-concentration in flue gas and resulting emissions in usual
flue gas cleaning with ESP and wet FGD (upper part) and comparison with optimized flue gas cleaning with Ca-bro-
mide addition together with measures for minimization of Hg® re-emission in wet FGD [27] (lower part)

Comparison of distribution of mercury, arsenic and
some selected HMs between fly ash and bottom ash in
powder coal combustion and in circulating fluidized bed
(CFB) is shown in article by Zheng et al. 2017 [8]. In the
case of CFB combustion relatively higher concentration
of arsenic compounds was found in bottom ash mainly
due to lower temperature of combustion in comparison
with powder coal combustion. Typical flue gas cleaning
line for CFB combustion of coals/lignites (without appli-
cation of wet methods of gas cleaning) and possibilities
of improved mercury removal are shown in Fig. 3.

Fly ash from coal combustion is a material of grow-
ing application possibilities and interests [16].The exist-
ing and future estimated utilizations of fly ash (geo-pol-
ymers, catalysts, aerogels, raw material for REE recov-
ery, etc.) are shown in Fig. 4. Nowadays, the recovery of
REE and some other valuable metals from fly ash parti-
cles is discussed and experimentally studied [14,15,102].
The total content of REE elements in coal fly ash can be
between approx. 300 and 500 ppm, where light REE ele-
ments are prevailing [14].
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All thermal processes applied to coal fly ash cause
desorption of elemental mercury and mercury com-
pounds adsorbed onto fly ash (HgCl,, HgBr2, HgO, Hgs,
etc.) [103-105].

Mercury in fly ash can be converted to HgS (non-
toxic Hg-compound) by reaction with sulfur, sulfur ce-
ment, alkali-sulfides, organic and inorganic polysulfides
or by mixing/reaction with wet FGD waste brine [106-
109]. In addition, conversion of mercury to HgSe stabi-
lizes mercury into water insoluble and stable compound.
Reactive forms of FeS,, FeS and some other sulfides are
also suitable for stabilization of mercury in waste fly ash
and in similar waste materials for disposal [110,111].
Sulfides (ZnS, FeS, FeS; in nano-size of particles) are
very reactive and they can stabilize Hg and Hg-com-
pounds in a form of complex stable compounds contain-
ing reactive sulfur [112,113]. Under conditions of higher
pH values (pH > 8) and presence of water soluble sulfides
and poly-sulfides, HgS can form water soluble com-
plexes resulting in increase of total dissolved mercury in
leaching [114].
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More efficient removal of mercury from flue gas by
added solid sorbents is generally possible by two arrange-
ments of sorbent injection: upstream and downstream the
ESP or fabric filter. In the case of upstream ESP addition
of either carbonaceous or mineral sorbents [115,116] to
flue gas, the sorbents with captured mercury are in a mix-
ture with filter fly ash. In the case of downstream ESP

41

removal of mercury from flue gas by sorbent injection,
the sorbent (and also mercury content) in mixture with
some small part of remaining fly ash particles will be far
more concentrated. A novel technology for mercury re-
moval considers combination of fabric filter with Hg-
sorbent involved in felt/fibers and optional oxidation cat-
alyst [117].The fly ash in ESP will be substantially



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

cleaner under conditions of higher operating temperature,
with only very small content of mercury and some other
difficult elements. Chemical stabilization of such fly ash
(for suppressing of As, Se and B leaching) is easier [118].
Such arrangement of flue gas cleaning line is, however
more expensive (double flue gas filtration needed). Up to
now, carbonaceous sorbents are prevailing for purpose of
mercury removal from flue gas [116]. However, at pre-
sent also impregnated or chemically adjusted mineral
sorbents are utilized [115]. The advantage of mineral
sorbents can be higher compatibility with stabiliza-
tion/solidification procedures utilizing cement and
lime - based solidification materials.

3. Oxidation of mercury in flue gas upstream
wet FGD by additives (HBr, HCI, bromides,
chlorides, etc.) side effects (corrosion, for-
mation of organic brominated/chlorinated
compounds)

Efficient removal of mercury from flue gas by wet
absorption process (flue gas desulfurization, de-HCI,
etc.) requires transformation of elemental mercury in flue

gas into water soluble, oxidized mercury compounds [75,
119], most often HgCl, or HgBr».

Formation of HgCl, in gas phase requires rather
lower temperature (below approx. 400 °C) and presence
of sufficient amount of HCI in gas phase. HCI is partly
oxidized into elemental chlorine, but in the presence of
higher SO concentration, chlorine is consumed by the
SO; oxidation reaction:

SO, + Cl; + 2H,0 — 2 HCI + HS0s (3. 1)

HBr (when present in gas) is more easily then HCI
oxidized to Bra:

2HBr + 0.5 O; —» H,0 + Br, (3.2)

Br; (and similarly I, when present) is not consumed
by the reaction with SO,. It is substantial difference be-
tween behavior of chlorine and bromine (or iodine) in
flue gas. Also CaBr; at lower temperatures (below ap-
prox. 300 °C) is more suitable than CaCl, for conversion
of elemental mercury vapors (Hg®) to mercury bromide
[120]. The thermodynamic data for the relevant reactions
in form of Gibbs reaction energies are given in Tab. 2.
Data of Gibbs energies of formation (AGy) have been
taken from thermodynamic tables for chemical com-
pounds [120].

Tab. 2: Gibbs reaction energies (AG, ) for important reactions of HCI, HBr, HI, Cly, Br», I, CaCl;and CaBr; with mer-

cury at 500 K (227 °C)

Chemical reaction (kJA/ﬁ;)I) Notice

2HCI + 0.502 — Clz(g) + H20(g) -24.78 -

2HBr + 0.50; — Bry(g) + H20(g) -105.19 Oxidation of HBr is easier than HCI oxid.
2 HI + 0.502 — 1x(g) + H20(9) -198.94 Oxidation of HI is easier than HBr oxidation
SO; + Cly(g) + 2H20(g) — 2HCI)g) + H2S04(g) -51.3 Cl, is consumed by reaction with SO,
SO, + Bra(g) + 2H,0(g) — 2HBr(g) + H2S04(g) +29.1 Brz is not consumed by reaction with SO:
SOz + I2(9) + 2H20(g) — 2HI(g) + H2S0.4(g) +122.8 I2 is not consumed by SO2
CaBr,+Hg%g)+H20(g)+0.50, — HgBr»(g) + Ca(OH): -112.1 Preferred reaction to HgBr2
CaClp+Hg°(g)+H20(g)+0.50, — HgCly(g) + Ca(OH): -60.2 -

CaBr; +Hg%g) + CO; + 0.50, — CaCOj3 + HgBr,(g) -160.86  Prefer. reaction to HgBr. at higher CO. conc.
CaCl, + Hg%g) + CO; + 0.50, — CaCOj3 + HgClx(q) -109.02 -

For efficient mercury oxidation small concentration
of HBr (or Bry) in flue gas are sufficient, usually approx.
two orders of magnitude lower than HCI concentration
for similar Hg-oxidation effects [19,76,121]. In the case
of insufficient concentration of HCI in flue gas, CaBr»
addition to combusted coal is suggested for support of
conversion of Hg® to oxidized Hg?* form [27,75,77].
Bromine addition to flue gas (in various initial form) can,
on the other hand, enhance boiler tubes corrosion [64,65]
and is suspected from formation of brominated organic
POP compounds (like brominated dioxins, phenols etc.)
particularly in presence of unburnt carbon or addition of
active carbon to flue gas [63].

Dry methods for flue gas cleaning and behavior of
mercury, HCI, SO, and HBr in systems with soda and
Ca(OH)-based sorbents within a temperature range 130-
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300°C were analyzed and compared in literature [4,122].
Mercury and HBr have different fate in systems with
soda and Ca(OH), dry sorbents. Higher concentrations of
elemental bromine vapors can be expected in systems
with calcium hydroxide and simultaneous presence of
HCI. Na,COs is a much better sorbent for both HCI and
HBr than Ca(OH),.

Another option for Hg-oxidation, used rather for
flue gas with lower concentrations of SO, is absorption
of mercury vapors into water solution with hydrogen
peroxide [123,124]. Mercury vapors and SO, are
oxidized and according to prevailing anions either HgCl,
or HgSO, are formed. The water soluble inorganic
compounds of Hg are precipitated by alkali sulfides,
inorganic and organic poly-sulfides into water insoluble,
non-toxic HgS, which can be selectively separated under



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

assumption that the anions remain after neutralization in
water soluble form (e.g. Mg-salts, Na-salts, etc.).
Gypsum (CaS0.-2H,0) is, unfortunately, only slightly
soluble in water. For precipitation of mercury from
aqueous solutions also Na-salt of sym. Tri-mercapto-
triazin (TMT), Dithiocarbamates (DTCR) or similar
compounds soluble in water can be used [125].
Precipitation of mercury by such organic agent is not
selective, because simultaneously some other HMs (e.g.
cadmium, silver, etc.) are removed. Such precipitates
containing mercury are usually sparingly soluble or
practically insoluble in water and their filtration is
feasible.

On the other hand, controversial opinions remain on
their long-term stability in dumping/landfilling and their
environmental stability/toxicity.

4. Staged absorption (scrubbing) with selective
removal of HCI and possibilities for selective
removal of mercury in wet processes

Removal of acidic gases (HCI, SO, HF, HBr, etc.)

absorber/scrubber in one stage, but usually within two
stages, [27] or , particularly for higher concentrations of
HCI in flue gas, in two steps, with selective removal of
HCI in the first absorption/quench step [126]. The
schemes of one stage wet FGD process without and with
HCI pre-washing are shown in Fig. 5. Scheme of a two
stage wet FGD process with two stages with different pH
is shown in Fig. 6

Absorption of HCI into hot water or to water solu-
tions of CaCl, is relatively efficient at temperatures
around 60—70 °C [126]. On the other hand, absorption of
SO (at inlet SO, concentration above 1000 ppm,) is, un-
der such conditions (60 °C, pH values below 2), ineffi-
cient, very low. SO, co-absorption with HCI at 60 °C and
in presence of HCI in solutions of CaCl, requires pH
above 3 and rather lower CaCl, concentrations (with con-
centrations of HCI below approx. 0.02 %) [126].

The equilibrium concentration of HCI in water (wa-
ter solution) is decreasing with increasing temperature of
absorption.. Equilibrium concentration of HCI in gas
phase increases with increasing concentration of HCI in
liquid phase.
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Under conditions of selective HCI absorption into
hot water solution of CaCl,+HCI, vapors of HgCl(g) and
partly Hg(g) will be absorbed into the solution. It means
that the preliminary selective washing (pre-washing) of
HCI from flue gas will simultaneously remove substan-
tial part of HgClx(g) and only a smaller part of Hg°(g).
Presence of relatively strong, stable complex of (HgCls)*
in the solution will suppress reduction of Hg?* by SO;
and Fe?* and therefore will decrease the re-emissions of
Hg°(g).

Under conditions of presence of fly ash particles in
flue gas a part of them will be captured in hot water ab-
sorption together with HCI. Similarly mercury in the
form of HgClz(g) will be also captured in hot water solu-
tion. HgCl; in water with excess of HCI will form com-
plexes containing anions (HgCls)™ and (HgCls)> which
can mediate absorption of Hg® vapors [127]. The absorp-
tion efficiency of Hg°(g) is, however, strongly dependent
on HgCl, concentration in water (which will be rather
low). It means that significant part of oxidized mercury,
and only a smaller part of Hg® will be captured in the hot,
quenching water with HCI content. In the case of gases
with very high concentrations of SO, very low concen-
trations of HCI and significant concentrations of mercury
in Hg®%g) and Hg?*(g) forms, a two stage absorption
method was proposed and developed [128]. Absorption
of a substantial part of SO, takes place in the first stage
(with simultaneous reduction of Hg?* to Hg®(g) form) and
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relatively selective absorption of mercury into solutions
of H.S04+HgSO, is offered in the second stage.

According to investigations of acid gases removal
by partial condensation of water vapor from flue gas and
composition of water condensate, HF, HCI and SO were
removed from flue gas in a pilot plant heat exchanger
[129]. At inlet flue gas concentrations of HF, HCI and
SO, approx. 50, 60 and 6000 mg/m? respectively, and
outlet temperature of flue gas from the heat exchanger
about 40 °C, approx. 84 % HF, 50 % HCI and only 12.6
% SO has been removed. However, sulfates and sulfites
attained relatively highest concentrations (about 2/3 of all
anions) in liquid phase [129]. Due to presence of fly ash
in condensed water also Fe®* (and often Ca?* and Al®*)
can be detected in liquid phase. With increasing temper-
ature of water condensation (quenching) the efficiency of
removal of acid gases and Hg (mostly in the form of
Hg?*) decreases[130], but the relative percentage of chlo-
rides and fluorides dissolved in liquid phases (related to
S04% and SO3? ) increases [129].

If the quencher is a part of dual-loop FGD process
(in the first step contact of flue gas with more acidic
washing medium, in the second step absorption of main
part of SO, into limestone slurry and there is overflow
connection of the slurry with quencher part), the
quencher has lower pH, higher overall chlorides concen-
tration (CaCl, + FeCls + AICIl3 + HCI) and is more suita-
ble for sulfite oxidation by air to gypsum and for mercury
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absorption [30,131]. Dual-loop arrangement is more ef-
ficient for SO,, HCI and mercury removal than the single
loop. Higher chloride and bromine concentrations in lig-
uid phase support complexing of mercury and prevent
Hg-reemissions caused by reduction of Hg?* by sulfites
[31].

Operational care, regular cleaning, suppressing of
foaming effects in limestone suspensions during absorp-
tion [132,133] and proper function of demister in wet
FGD is very substantial for attaining high efficiencies of
SO; absorption, low emissions of dust, some HMs and
for prevention of fouling of heat exchanger (re-heater) of
flue gas.

5. Wet FGD for removal of SO, and HM and
factors affecting sorption of oxidized mer-
cury and re-emission of elemental mercury

Wet FGD is widely accepted method for efficient
removal of SO, HCI and HF from flue gas [20,134,135].
Simultaneously significant reductions of small dust par-
ticles emissions [44,136], emissions of some heavy met-
als (e.g. mercury, arsenic, cadmium, zinc, lead) [8,61]
and emissions of some non-metallic elements and their
compounds (Se, B etc.) [9] take place in wet FGD. Effi-
cient removal of small fly ash particles (enriched in con-
tent of volatile HM compounds) can be optimized by
FGD arrangement, residence time, liquid to gas ratio in
the scrubber and by application of chemical agglomera-
tion of dust particles in the limestone slurry [136,137].
Wet flue gas desulfurization contributes to reduction of
Hg?* concentrations in flue gas by absorption of oxidized
mercury compounds, mainly HgClx(g) [21,27,31,32,
138].

Re-emissions of mercury from absorption solutions
and slurries (caused by reduction of Hg?* to Hg®) are de-
pendent on protecting complexing reactions of mercury
[34,35,139] caused mainly by presence of chlorides and
bromides in solution [33,75,140], on oxidation-reduction
potential (ORP) [30,124], concentration of SO; in flue
gas, activities of water soluble sulfites, precipitation of
mercury by inorganic sulfides, poly-sulfides and organic
compounds containing sulfur [33,40,141-143], on pH,
temperature and addition of Hg-adsorbents (e.g. active
carbon, etc.) [28,31,139]. Presence of reducing cations
(e.g. Fe?* and Mn?*) in absorbing slurry also contributes
to reduction of Hg?* and reemissions of mercury [144].
As it was proved experimentally, mercury is also slightly
absorbed by rubber and some plastic materials under con-
ditions of wet FGD [28].

The chemistry of complexing reactions (formation of sta-
ble mercury complexes in scrubbing liquor and stability
of various Hg-complexes were studies and described e.g.
in Ph.D. theses by Bittig and Heidel [35,139]. Stable
complexes of mercury can be formed besides halides (CI
, Br, I) also (depending on pH) with (OH")-ions, SCN",
S0s%, S;05%, etc. Generally, the formation of stable mer-
cury complexes (particularly with bromides, iodides or
with some organic compounds) prevents reduction of
Hg?* to Hg® by SO, (+sulfites) and reemissions. On the
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other hand, presence of higher concentrations of Hgl: in
slurries in wet FGD can cause higher emissions of mer-
cury from FGD in a form of Hglx(g), as it was found by
Krzyzynska et al. 2020 [144]. An example of comparison
of dependence of Hg® and HgX; reemissions from model
slurries at 60 °C on concentrations of chlorides, bromides
and iodides in the slurry for SO, absorption at pH = 5.1
and Hg?* concentration 0.25 mg/l is shown in Fig. 7. As
it is obvious from the figure, particularly bromides are
very strong agents for suppression Hg-reemissions (both
Hg® and HgX; reemissions). It is interesting that the low-
est reemissions of Hg® and HgX; (where X = Cl, Br, I)
were achieved with a mixture of bromide and chloride.

On the other hand, at pH > 6 and higher SOs? con-
centrations in absorption slurry Hg?* forms stable com-
plex anion Hg(SOs),* and ORP decreases. Under such
conditions Hg-reemissions (depending also on other con-
ditions) increase. At acidic conditions, however, the oxi-
dation of sulfites by oxygen is easier[28,139].

Foaming and flotation effects in limestone-water
suspensions [133] cause reduction of desulfurization de-
gree and loss of smaller particles from the suspension for
efficient desulfurization. Effects of foaming on mercury
reemission are probably complex and not quite clear.

Presence of ammonia in flue gas (e.g. from SCR or
SNCR for de-NOx) entering wet FGD causes elevation
of pH of the absorbing slurry, better absorption of SO,
but slowdown of CaCOs dissolution/reaction and signifi-
cantly higher entrainment of aerosols/droplets containing
ammonium salts [145,146]. Mercury reemission in-
creases with increasing concentration of ammonia in flue
gas entering wet FGD [89].

Measures for more intensive reactive absorption of
SO, with limestone slurry particles (addition of Mg-com-
pounds or poly-carboxylic organic acid) have also im-
pacts on behavior of mercury in absorption slurry. Basic
Mg-compounds (MgO, Mg(OH).) contribute directly to
higher pH values in absorbing slurry and in the second
stage through formation of ion-pair MgSOz° [39,147].
The water soluble salts of Mg (MgSQ,, MgCl,) tend to
form un-dissociated ion-pair MgSQ3° contributing to bet-
ter dissolution and recrystallization of CaSOs, to more ef-
ficient formation of bigger crystals of CaSO,*2H.0 [38,
43] and to binding of some part of SO3? anion (increasing
pH). The main influence of increasing Mg?* ion concen-
tration in limestone slurry on Hg?* behavior is decreasing
available SOs?* concentration for other reactions and for
reduction of Hg?* and reemission of HgP [39,147].

The effects of di-carboxylic and tri-carboxylic or-
ganic acids (e.g. adipic acid, succinic acid, etc.) on SO,
sorption lies in buffer action (stabilization of pH at higher
values) [37,139,148].

Under conditions of real wet FGD (higher tempera-
tures, oxidation of sulfites, presence of catalytically ac-
tive metals in the slurry, some possible bacterial attack)
a part of such acids can be degraded/chemically changed
[149,150] in a relatively short time. Adding poly-carbox-
ylic organic acids into absorbing slurry leads to moderate
increase in mercury reduction (Hg-reemission) [37,139].
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Fig. 7: Effects of concentrations of bromides, chlorides and iodides in water-limestone slurry in absorption of model gas
with SO, (2g/m®) in the slurry at 60 °C, (pH = 5.1 and [Hg?*] = 250 pug/l) on Hg-reemissions [139]. The basic Hg°
reemissions in slurry with concentration of chlorides 5 g/l was more than 0.5 pg/h.

Thus, their utilization for more efficient sorption of
SO; should be optimized, depending on presence of com-
plexing anions, temperature of the absorption and lig-
uid/gas ratio in the scrubbing process.

6. Optional catalytic oxidation and sorption of
mercury as HgS downstream wet FGD

Under conditions of insufficient sorption of mercury
(or Hg + SO,) in wet FGD, additional method for mitiga-
tion of particularly mercury emissions can be offered: the
catalytic SPM methods at temperatures 60—80 °C, utiliz-
ing modules with height about 30 cm [97]. The catalyst
in the polymer membrane oxidizes elemental mercury
from flue gas and simultaneously, due to presence of re-
active sulfur, mercury vapors are converted into Hgs.
S0; is oxidized to SOz and converted in presence of H,O
vapors to H,SO4, forming droplets on the hydrophobic
surface of the polymer modules. The droplets of liquid
H2S0O4 on the polymer modules surface together with set-
tled aerosol (mist particles) of gypsum from wet FGD
have to be removed from the surface by regular water
flushing (at least 1 time per day) to avoid fouling and the
waste water from flushing is recycled to wet FGD. Prac-
tical capacity of the modules for Hg (due to presence of
other HMs and gaseous pollutant) attains 3 to 5 mass %.
The modules in series are able to reduce the Hg-emis-
sions to 20—25 % of the input values.

The life time of the catalytic modules is between 1
and 5 years [97] according to Hg content in flue gas, com-
position of flue gas (HMs, SO, HCI, HF, etc.). The spent
sorbent polymer catalytic modules have character of non-
hazardous waste due to presence of mercury only in the
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form of HgS. The position of SPM is typically down-
stream wet FGD, however, the modules can be placed
also downstream efficient ESP or FF after cooling the gas
to the temperature suitable for the catalytic process.
Unlike systems injecting oxidizing chemicals, such
as calcium bromide, this system presents no risk of air
preheater corrosion, and does not impact the wastewater
treatment system on the scrubber effluent stream. The
system is unaffected by SO,/SO3 concentrations (suitable
for high sulfur coals). In addition, the system can provide
protection against scrubber re-emissions in a way that
doesn’t impact gypsum quality or the waste water treat-
ment system. The modules also carry a co-benefit of ad-
ditional SO, removal, which can help to meet the tighter
SO, emissions limits and possibly to avoid upgrade/ret-
rofit of existing FGD scrubbers.
7. Partition of mercury and Hg-precipitates
among gypsum, wastewater and slurry
waste (influence of particle size, inert parti-
cles, iron compounds, etc.)

Efficiency of mercury removal from a CFPP flue
gas is a complex function of set-up of the flue gas clean-
ing line, flue gas composition, conditions for operation of
ESP (filters), SCR de-NOx and desulfurization (wet
FGD). Efficiency of Hg removal in dust filters increases
with decreasing temperature of dust removal (very sig-
nificantly at working temperatures below 110 °C), on
presence of HCI/HBr in flue gas and on upstream SCR
ability to oxidize mercury [8,27]. It is clear, that simulta-
neously with increasing efficiency of mercury removal
from flue gas, increasing amount of mercury in FGD gyp-
sum and waste products has to be expected.
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Relative amount of mercury captured in wet FGD
depends mainly on degree of oxidation of mercury up-
stream the FGD, and on conditions suitable for minimi-
zation of Hg-reemission [8,9,21]. Substantial part of Hg?*
compounds present in absorbing slurry (HgClz, HgBr,
Hg.SO4, HgSOs) and complex compounds of mercury
(e.g. HgCl#, HgBrs , Hg(SO3)%) are water soluble.
Hg®(l) is practically insoluble in water-limestone slurry
and under thermal conditions prevailing in wet FGD is
evaporated into flue gas. HgO(s), if present in absorbing
water slurry, is very sparingly soluble in water, but under
conditions of pH below approx. 6 can react with the pre-
sent anions. Solubilities of selected Hg-compounds and
of elemental Hg® are given in Tab. 3.

Tab. 3: Solubility of Hg® and selected Hg-compounds in
water at 20-25 °C [139]

Compound Hg° HgO HgS  Hg.SO4
Solubility [g/l] 6.1-10-5 5.102 2.5:10% 2-10°
Compounds Hg.Cl,  Hg2Br Hgal
Solubility [g/l] 4-10°  4.10*  2-10°
Compound HgCl,  HgBr; Hgl.
Solubility [g/l] 68.1 6.1 5.5-107

Partition of mercury in products of wet desulfuriza-
tion [2,8,20,27,41,151] is dependent on concentration of
chlorides in absorbing solution, addition of precipitating
agent for mercury (inorganic sulfides/polysulfides, or-
ganic sulfur containing compounds, adsorbents, etc.), on
presence of iron, manganese and aluminum compounds
forming dregs (sludge) with adsorbing surfaces at pH >
5.5, on particle size distribution of gypsum slurry, etc.
Usually, the content of adsorbed mercury decreases with
increasing size of gypsum and sludge particles (with de-
creasing specific surface). Bigger gypsum crystals, lower
content of Fe-compounds in sludge and Ca-sulfites in
FGD slurry, smaller crystals of precipitated Hg-sulfide
compounds by addition of inorganic sulfides or organic
sulfur containing additives lead to lower content of mer-
cury in produced gypsum [8,151-153]. Despite of wet
FGD-gypsum production processes respecting such fac-
tors, content of mercury is one or two orders higher than
content of Hg in natural gypsum (above 0.3 mass ppm).
Content of mercury in gypsum particles with diameter
(characteristic size) over 15 um can be, however, rela-
tively low. Mercury in FGD-gypsum is present in various
forms: volatile Hg® (often correlated with content of sul-
fites in gypsum), water soluble Hg-compounds (HgBr>,
HgCl,), water insoluble/sparingly soluble compounds
(HgS, HgO, Hg2Cl2, HgSOy, etc.).

Precipitation of mercury in wet FGD sludge by sul-
fides, poly-sulfides of organic compounds with sulfur
(TMT salt, DTCR-salt etc.) transforms Hg into water
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practically insoluble Hg-salts, but excess of such precip-
itation additives can cause partial or total dissolution of
the precipitated salts due to formation of water soluble
complexes [142]. Therefore, the doses of such additives
must be appropriate, proportional to mercury concentra-
tion and simultaneously with respect to possible side re-
actions with other HMs present.

Contents of individual forms of mercury in gypsum
can be determined by thermal fractionation of Hg-com-
pounds in gypsum [154,155] and by leaching procedures
(e.g. by specific sequential chemical extraction tests)
[154,155]. Only very small part of mercury (usually less
than 4 %) present in FGD gypsum from real wet FGD
facilities is soluble in water and a mixture of 0.1mol/l
CH3COOH and 0.01 mol/l HCI in sequential 18 hour
leaching tests with liquid/solid ratio = 10 [155]. It con-
firms (together with results of temperature fractionation
of Hg-compounds) prevailing presence of HgS modifica-
tion, and Hg2S04/HgSO4 in wet FGD gypsum. Neverthe-
less, the emissions of Hg®(g) and volatile Hg-compounds
in production of calcium sulfate demi-hydrate by thermal
decomposition of FGD gypsum (CaSO4-2H,0) and in
production of gypsum based wall boards are not negligi-
ble [142].

A decisive part of mercury in products from modern
wet FGD plants is in waste sludge and wastewater [8,27,
42]. With application of mercury precipitation (inorganic
and organic sulfides), the wastewater (after filtration/cen-
trifugation of the waste sludge) is practically mercury-
free. Majority of waste chlorides (mainly in the form of
CaCly) is in the wastewater from wet FGD [19].

The main part of arsenic is bound, however, with
gypsum particles, similarly as Pb (due to formation of
water insoluble PbSO, in wet FGD). The main part of
cadmium is usually found in wastewater or waste sludge.
The usual partitions of selected toxic metals (Hg, Cd, As,
Pb) in wet FGD facilities of modern coal-fired power sta-
tions are given in Tab. 4. The characteristics of flue gas
cleaning lines and fuel utilized are in Tab. 5 [8].

As it is obvious from Tab. 4, arsenic and lead are

concentrated practically in all cases mainly in gypsum.
On the other hand, cadmium and mercury are more dis-
tributed among all outputs streams from wet FGD. How-
ever, a substantial part of those elements and their com-
pounds can be coupled with gypsum. A significant part
of cadmium is commonly found in wastewater from wet
FGD.
Concentrations of HMs in output streams from wet FGD
and partition among gypsum, sludge and wastewater are
dependent on fuel, ash composition, flue gas cleaning
line arrangement, temperature of fly ash removal, con-
tents of sulfur and chlorine (+ bromine) in coal and on
contents of impurities (Fe, Al compounds) in limestone,
on particle size distribution of the slurry from wet FGD
and separation method for sludge.
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Tab. 4: Partitions of selected heavy metals among output streams (gypsum, sludge of fines and wastewater) from wet

FGD in five coal-fired plants [8]

Relat. par_tition of selected PIant_No 1 Plant No 2 Plant No 3 PIant_No 4 lelsanl;im?nin
elements in output streams  PCC, bitumen.  PCC, bitumen. PCC, bitumen. PCC, bitumen. coa{I +sew. '
from wet FGD (mass %) coal coal coal coal sludge
As - gypsum 98.5 92 99 96 98

As - sludge 1.5 8 1 3 2

As - wastewater ~0 ~0 ~0 1 ~0

Cd - gypsum 55 20 84 91 18

Cd - sludge 13 18 4 3 2

Cd - wastewater 32 62 12 6 80

Hg - gypsum 27 67 97 73 45

Hg - sludge 30 22 3 24 28

Hg - wastewater 43 11 ~0 3 27

Pb - gypsum 97.5 92 945 90 89

Pb - sludge 2.5 7 3.5 10 10

Pb - wastewater ~0 1 2 ~0 1

Tab. 5: Characteristics of coal fired plants, flue gas cleaning lines, fuels used and consumption of limestone and process

water [8]

Plant and fuel Plant No 1 Plant No 2 Plant No 3 Plant No 4 Plant No 5

characteristics

F_Iue gas cleaning SCR+ESP+ SCR+ESP+ SCR+ESP+ SCR+ESP+ SNCR+SCR+

line wet FGD+wet  wet FGD+wet  wet FGD+wet  wet FGD+wet FF+wet FGD
ESP ESP ESP ESP +wet ESP

Inlet gas tempera- o o o o °

ture in ESP or FE 88 °C 90 °C 125 °C 94 °C 120 °C

Fuel feed, t/h 268 175 179 246 49.2

Content of ash in 12 18.11 22.26 16.89 31.05

fuel, mass %

Fly ash flux, t/h 27.5 27.6 35.0 35.3 11.9

Content of S in 0.83 0.8 0.7 0.45 1.35

fuel, mass %

Content of Cliin 145 285 103 465 468

fuel, mg/kg

Limestone for wet

FGD. th 12.4 6.1 5 4.8 0.97

Process water to 798 72 83 65 16.5

wet FGD, mé/h

It is necessary to realize, that higher efficiency of
mercury removal from flue gas means simultaneously
higher content of mercury in fly ash and in slurry from
wet FGD (the main output streams of captured mer-
cury).One of the main problems is how to attain lower
content of mercury (particularly as Hg® and in a form of
water soluble compounds) and how to fully convert mer-
cury and other heavy metals in sludge and wastewater
from wet FGD process into non-toxic, stable and water
insoluble form. The main procedures for attaining such
state are adjustment of pH, precipitation of hydroxides,
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precipitation of Hg and some other HMs as sulfides, di-
thiocarbamates, TMT-derived salts, etc. [156] and
wastewater cleaning with coagulants (Fe* or AI®* salts).
Nova days, emerging electrochemical processes as for
example electrocoagulation [157-159], electrodialysis
and electrochemical precipitation/adsorption [160,161]
are tested for attaining higher efficiencies in wastewater
cleaning, mercury sorption/removal and for minimiza-
tion of amount of sludge with content of heavy metals
and efficient desalination. Advantages and disadvantages
of electrochemical methods for HMs removal from
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wastewaters, sludges and suspensions are discussed/as-
sessed e.g. in two reviews [68,162]. Anodic oxidations
for enhancement of sulfite oxidation and mercury absorp-
tion (as well as for suppression of Hg-re-emissions) are
also investigated [50,163].

Leaching of HMs from wet FGD gypsum is a matter
of occupational hygiene and in the case of waste gypsum
for disposal it is also a matter of environmental (particu-
larly water related) protection. Experience with gypsum
and leaching measurement in USA indicated [164] that
Hg-leaching from FGD gypsum was below concentration
limits for drinking water and that variability of leaching
in relation with pH was relatively low. On the other hand,
Se, Sh, B, Cd and Mo exerted leaching values from gyp-
sum over limits for drinking water - as shown in Tab. 6:

As it follows from the table, the more problematic
elements from the point of view of leaching from gypsum
into water are rather selenium, antimony, cadmium, bo-
ron and molybdenum. Cadmium has high sensitivity to
pH in leaching solution. Arsenic can be extracted from
gypsum mainly under lower pH values. In the case of bo-
ron the measures for limitation of leaching and appropri-
ate guidelines for limit values are investigated. Nowa-
days, by applying various measures in improved removal
of fly ash, stabilization of HMs in wet FGD and produc-
tion of gypsum (“modern FGD gypsum process”) Mo, Cd
and Sb related leaching problems are solved [165]. How-
ever, selenium and boron related leaching problems (in
less severe form) still persist [67].

Tab. 6: Leaching data for selected elements from wet FGD gypsum [163] with violet color area indicating potentials for
exceeding tresholds for maximum concentration limit (MCL) for drinking water or toxicity characteristic threshold

(TC)
As Hg Se Sh B Cd Pb Mo
Total content in 24 00105  2-30 2.6 NA 03-05  1-12 212
gypsum (mg/kg)
hfgﬁ;‘ results 05-10 001-0.6 4-3000 02-10 40-70000 0.1-50 0.1-10  1-600
7000 200
MCL (ug/l) 10 2 50 6 OWEL 5 15 OWEL
TC (ug/l) 5000 200 1000 - ] 1000 5000 -
Variability with Low to Low to Low to Low to .
. . . Low . High Low -
pH medium  medium  medium medium

DWEL - Drinking water equivalent level: Low variability with pH: less than one order of magnitude difference
Medium variability with pH: 1-2 orders of magnitude difference
High variability with pH: more than two orders of magnitude difference

8. Separation of toxic elements and compounds
from wastewater and waste sludge in wet
FGD with gypsum production

Separation, minimization and stabilization of waste
materials containing mercury and other toxic heavy met-
als (As, Cd, Pb, etc.) and elements (F, Se, etc.) is a very
complex task [62,67,166-168].

Separation of mercury and selected HMs: for sep-
aration (precipitation) of mercury and some other heavy
metals present, usually inorganic sulfides [28,33,169],
poly-sulfides [28,107], organic compounds containing
sulfur and polysulfides [27,28,33,34,169] are used. At
acidic conditions the precipitation of mercury by inor-
ganic sulfides is interfered by decomposition and partly
by possible oxidation of sulfides [28], therefore the pre-
cipitation is only partial. At higher pH levels (above ap-
prox. 7) the precipitation of heavy metals (inclusive Hg)
by sulfides is more effective. The size and nature of pre-
cipitated Hg-sulfides depends on operating conditions
(concentration, temperature, composition of wastewater,
etc.). In the case of excess of alkali sulfides and polysul-
fides in precipitation of mercury in solutions at condi-
tions of pH > 8 the concentration of total dissolution mer-
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cury increase with pH value (2 and more orders of mag-
nitude in the pH range 8-14) due to formation of water
soluble complexes (e.g. HgS2?, HgS:?, etc.) [114].

In the case of organic sulfur compounds (TMT,
DMTC, etc.) used for precipitation of mercury, the Hg-
removal efficiency typically increases with increasing pH
values (pH > 7). Nowadays, products of inverse sulfur
vulcanization with unsaturated vegetable oils/chemicals
with double bonds are suggested for removal of mercury
and some other HMs from acidic solutions [109,170,
171]. Removal of Hg? mercury ions from acidic water
solutions by sorbents produced by inverse vulcanization
of unsaturated oils or some chemicals is relatively highly
selective for mercury [171] in comparison with other
metals (Fe, Zn, Cd, etc.).

Another possibility for Hg-removal from waste wa-
ter/sludge is adsorption on active carbon (AC), zeolites,
functionalized sorbents, immobilized metal organic
frame-works, etc. [27,28,138,172-175]. Recently, the im-
mobilized ionic liquids have been tested for selective re-
moval of Hg or other heavy metals from flue gas and
waste streams of gypsum production [174]. Functional-
ized metal-organic framework (e.g. with selenium) are
investigated for permanent sequestration of mercury in
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FGD gypsum, sludge and wastewater [175]. There are
also powdered AC and supported ionic liquids suitable
for removal of mercury in wet FGD with application of
bromine compounds for better oxidation of Hg [176].
Separation of Se compounds: selenium is a metal-
loid element, its content in coals is typically between 0.5
and 7 ppm(mass). SeO; is the prevailing Se oxide in flue
gas. According to conditions of dust filtration and posi-
tion of SCR a part of selenium is captured in fly ash [8,
13]. Selenates (Se04%) and selenites (SeO3%) are the most
common Se-compounds in absorbing slurries in wet FGD
[8,19]. Selenate is the less toxic of the two forms. In the
frame of partitioning of Se in wet FGD products and
waste streams, Ca-selenate is prevailing in FGD gypsum.

Lower part of Se is present in wastewater and waste
sludge from wet FGD. Selenite is more bound in
wastewater and sludge than selenate with coagulated par-
ticles containing Fe, Al, Mn , oxides, etc. Under strongly
reducing conditions and lower pH values (below approx.
4.5) formation of elemental Se is probable with possible
reaction with Hg to HgSe [28]. Possible applicable tech-
nologies for removal of selenium from FGD wastewater
[42] are summarized in Tab. 7. Selenites and selenates
can be immobilized by means of ettringite [177]. Se- and
B-compounds in fly ash from coal combustion can by sta-
bilized (suppression of leaching to water) by Ca-com-
pounds [118]. For chemical stabilization of selenites cal-
cium sulfoaluminate-belite cement is suggested [178].

Tab. 7: Selected technologies for selenium removal from FGD wastewater [42]

Process Description Advantages Disadvantages
Biological  Se(lV) and Se(V1) are Demonstrated technology for Se. Some system with lower chlo-
treatment reduced to Se(0) by microbial removal (polishing of chem. ride concentrations,
action (similar to S(VI) precipitation effluent) performance erratic, difficult
reduction) control
Oxide Selenium adsorbs on the surface  Novel sorbents can achieve lev-  No studies of performance in
sorption of GFO, GFH or GTO sorbents.  els of Se in effluent streams be-  FGD wastewater. Sorption me-
system Se(V1) is better than Se(IV) low 2 ug/l dia require replacement, compe-
tition from V, P and Si comp.
lon Se adsorbs to ligands on ion ex-  Resins for selenium removal of  Not suitable for high TDS wa-
exchange change resin beads, releasinga  Se(IV) and Se(VI) already exist  ters. Requires pretreatment for
weakly attached co-ion S04? and suspended solids re-
moval
Zero-va- Selenium ions are converted to ZVI is already used for pretreat- No commercial experience with
lent iron elemental Se by ZVI . Se(1V) is ment of constructed wetland. ZV/1. Narrow pH range, requires
zVv1) better than Se(V1) for reduction  Suitable for ELGs compliance pretreatment to remove NO3™ and

NO;, ions

Separation of fluorides: fluorine is bound in wet
FGD mainly with calcium (CaF;). Solubility of calcium
fluoride is relatively low (about 5-10 mg/l) and depends
on pH and concentration of CaCl,. Fluoride concentra-
tion decreases as both, pH and CaCl, concentration in-
crease. If a part of fly ash with content of active Al,Os
enters the wet FGD, complex insoluble compounds con-
taining fluorine, aluminum and alkali metals (e.g. anion
AlFg*) are formed. Attainable concentrations of fluorine
in water solutions are in such a case below 1 mg/l. Addi-
tion of aluminum sulfate to sludge from wet FGD con-
taining waste gypsum and fluorides (molar ratio F/Al ap-
prox. 0.1-1.5) at pH =~ 6.5 can substantially decrease flu-
orine concentration in solution (50-80 % decrease). Flu-
orine leachable concentration for such a case are compa-
rable with guidelines for non-hazardous waste [48]. Sim-
ultaneous removal of sulfate and fluorine from wet FGD
wastewater by co-precipitation with calcium hydroxide
and sodium aluminate (NaAlQy) is able to reduce soluble
sulfate concentration in wastewater to values about 0.8
g/l and to contribute to precipitation of fluorides. The pre-
cipitated particles contain gypsum, ettringite, aluminum
hydroxide and fluorine-aluminum containing complex
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compounds. Moreover, treatment of wastewater by elec-
trocoagulation [44,179] is recommended for reduction of
fluorine and heavy metals (Hg, Mn, Pb, Ni, Cu, etc.).
Such electrocoagulation methods are, however, very
rarely used [69,159] in large units.

European emission limits for gaseous pollutants
(NOy, SOy, HCI, HF) dust and heavy metals emissions
inclusive mercury are given in Commission Implement-
ing Decision from July 2017. Strict requirement on efflu-
ent streams of water from flue gas cleaning are also there.

EPA in USA [42] identified four main prob-
lems/challenges and research needs to attain low limits
for pollutants in wastewater and solid waste from wet
FGD in coal combustion:

a) removal of selenium species from FGD
wastewater: mainly in the forms of selenate (Se04?) and
selenite (SeOs%, HSeOs') [19],

b) zero liquid discharge with pollutants from FGD
wastewater enabling water reuse in coal fired power
plants [180,181],

¢) developing water treatment systems, which can
cope with short term fluctuations in electricity and
wastewater production/composition,
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d) optimization of balance for capital and operating
costs for overall wet FGD treatment under situation when
the power plant lifespan is uncertain.

9. Stabilization/detoxification of Hg and mini-
mization of solid hazardous waste contain-
ing mercury and HMs

Fly ash from flue gas cleaning in coal combustion
contains (depending on filtration conditions and up-
stream SCR) mercury and other HMs, which are sub-
jected to potential leaching. Therefore, their stabilization
(conversion to less soluble compounds) is needed [52,
58]. In the case of dewatered waste sludge from wet FGD
process or in the case of lower quality gypsum produc-
tion, the material is usually intended for damping/land-
filling. In such a case all toxic components of the waste
material should be solidified and stabilized for minimiza-
tion of leaching of toxic compounds [45,58,59,182,183].
Toxicity Characteristic Leaching Procedure (TCLP)
[184] defined in Environmental, Health and Safety
Online Guidelines [185] present characteristic limits for
leaching (TCLP) procedure. E.g. for Hg: 0.2 mg/Il, Se: 1
mg/l, As: 5 mg/l, Cd: 1 mg/l, Pb: 5 mg/l. Heavy metals
compounds in waste materials are stabilized by addition
of sulfides or polysulfides [36], colloidal elemental sulfur
from thiosulfate or polysulfide decomposition, etc. Some
organic poly-sulfides are also suitable for such purpose
[109,186]. Particularly mercury can be stabilized by ad-
dition of products of inverse vulcanization of vegetable
oils/organic unsaturated compounds [171].

Another possibility for stabilization/solidification of
mercury contaminated waste is by means of zeolites and
chemically bonded phosphate ceramics or by addition of
calcium sodium phosphate and magnesium potassium
phosphate [187,188].

The sludge and wastewater after separation of gyp-
sum in wet FGD contains majority of mercury present in
slurry from FGD. Thickening of gypsum-suspension
from wet FGD, separated in hydro-cyclones, requires de-
watering in spin-driers and vacuum band-filters and two
stage washing process to reduce contents of water soluble
salts in gypsum. Requirements on high quality final gyp-
sum are summarized in Tab. 8.

Maximization of gypsum vyield (over 60—70 mass
%) requires formation of developed bigger crystals of
gypsum, special construction and washing function of
hydrocyclones [91,189,190]. The washing water is usu-
ally mixed with smaller particles of slurry fraction from
hydro-cyclones and the wastewater/sludge is processed
to thickened sludge and cleaned wastewater. The classi-
cal cleaning process for sludge/waste water with produc-
tion of sedimented/filtered sludge containing precipitated
heavy metals and process design for reduction of the
amount of sludge with higher Hg-content is shown in
Fig. 8.
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Tab. 8: Criteria for quality of power station-gypsum
from wet FGD [28]

Parameter Unit Value
Rest moisture Mass % <10
CaS0s4-2H,0 Mass % 95
content
Water soluble Expressed as <0.1
Mg salts Mass % of MgO '
\'<|Vater soluble Mass % of Na,O  <0.06
a-salts
Content of chlorides Mass % ClI <0.01
CaS03:0.5 H,0 content Mass % <0.5
pH 5-9
Color white

For comparison, the process with two output
streams of sludge is shown there. Such process can be
optimized up to a level when only about 2 % of sludge
with higher content of stabilized mercury [28] is pro-
duced. The classic scheme of wastewater/sludge cleaning
(with only one output concentrated sludge stream) has
disadvantage in higher Hg-reemissions due to pH adjust-
ment before sulfide addition for Hg stabilization [29].

Because contents of toxic elements (Hg, Cd, As, Se)
in purging water from gypsum production and sludge fil-
tration can be high in wet FGD processes, the ecological
opinion was rather against the wet FGD process [191] in
the past. The methods and costs of FGD wastewater
cleaning are variable and depends on coal composition
and upstream methods of flue gas cleaning applied [192].
Typical FGD wastewater composition and ranges of typ-
ical pollutant concentrations are given in Tab. 9. The
chlorides and sulfates of Ca?+, Mg?*, AI**, Fe*, etc. are
water soluble and their concentrations can fluctuate in
broad ranges. The cleaning methods are dependent on ad-
herence to ZLD and on possible utilization/cost of recov-
ered chemical compounds or clean, re-usable water
[193]. Laboratory experiments on the removal of heavy
metals by aged ZVI in concentrated FGD brines have
shown that high temperature and Mg?* are the dominant
factors for enhancement of ZVI’s reactivity for the re-
moval of Se, As, Cd and Cr in brine matrices [194].

The amount of sludge with low Hg concentration is
more than one order of magnitude higher than the amount
of sludge with high Hg-content.

As it is obvious, aluminum, arsenic, copper, mer-
cury and partly selenium compounds, can be at least
partly separated/removed by filtration of the waste sus-
pension of fines. On the other hand, boron compounds
and chlorides are on the same level of concentrations af-
ter sedimentation and filtration of the wastewater/sludge.
For repeated utilization of the water, however, particu-
larly concentrations of aluminum, arsenic, copper, mer-
cury, arsenic, magnesium and sulfate have to be reduced.

Effluent limitations for wastewater from wet FGD
are given in Tab. 10.
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Classic, one output stream production of
waste sludge containing HM (incl. Hg)

Improved cleaning process with two
output streams of sludge production

Mixing of waste streams from gyp-
sum production, Optional oxidation

Mixing of waste streams,
addition of HCI (pH ~ 3.5-4)

Recycling
to coal-firing

i

\
Elevation of pH, alkali addition | __ Ca(OH), addition, pH~65 | S_"k‘]dlge
(Ca(OH).) Precipitation + Sedimentation with low
\1/ Hg-conc.
Sulfide addition, precipitation Addition of organic sulfides +
of HM sulfites Fe3* salts, pH adjustment
Y Precipitati d\ill lati f HM
Flocculation by Fe® salts recipitation and flocculation o
addition 0\ B Sludge with
Sedimentation/filtration | high
\ 4
: R N Hg-content
Sedimentation/filtration >
Cleaned waste water
v
\ 2
Cleaned waste water
Concentrated
sludge

Fig. 8: Comparison of two methods for sludge/wastewater treatment. Production of one output stream (left) and two
output streams of sludge with higher and lower Hg-content [27,28].

Tab. 9: Typical FGD wastewater characteristics — total sample concentrations and characteristics of filtered wastewater

samples in USA [42]

Parameter

Total (liquid + suspended solids) sample concentra-

Filtered (after filtra-

tions tion)
Species and pH Minimum Maximum Median Median
Aluminum (mg/I) 0.95 174 87.48 12.6
Arsenic (mg/l) 0.006 0.415 0.211 0.078
Boron (mg/l) 15.1 510 262 262
Copper (mg/l) 0.076 4.2 2.15 0.184
Mercury (mg/l) 0.008 0.103 0.056 0.005
Selenium (mg/1) 0.04 2.93 1.48 0.92
Total dissolved solids (g/l) 4.35 57.7 31.0 27.4
Total suspended solids (g/I) - >90 - -
Fluorides mainly CaF, - >18 - -
Chlorides-mainly CaCl, (g/l) 0.384 28.8 14.6 14.9
Sulfates (depending on supersat-
uration and suspended gypsum) i >30 i i
pH 5.9 7.3 6.6 6.7
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Tab. 10: Effluent limitations for wet FGD wastewater
[42,195]

Existing source New source
regulation regulation
. 30-day Daily 30-day Daily
Constituent Avg. Max. Avg. Max.
Arsenic
11 - 4
(ng/h)
Mercury (356 0788 0024  0.039
(ng/l)
NO3’/N02'
as N (mg/l) 4.4 17 i )
Selenium
12 23 - 5
(ng/h)
TDS
(/) - 24 50

Removal of Ca?*and CI- ions from FGD wastewater
by precipitation is rather difficult, requiring a two stage
process and addition of NaAlO, [196] for precipitation of
Friedels salt with bound chlorine. Another possibility is
application of electrochemical methods like electrodialy-
sis or combination of ED with electrolysis and electro-
coagulation [69,160].

10. Comparison of emission reduction, adher-
ence to ZLD principles, waste generation
and composition of waste streams for three
selected cases of CFPPs

In this chapter we compare three typical cases of
CFPPs with different methods of flue gas cleaning, man-
agement of waste streams and possibilities how to attain
low water consumption and status of near ZLD. In our
analyses various effects are considered and compared:
e.g. coal composition (moisture, ash content, contents of
S, Cl, HMs, Se, B, REE), possible addition of bro-
mine/CaBr; for enhancement of mercury oxidation, con-
sumption of limestone, properties and possible utilization
of solid waste from given combustion technology with
supposed flue gas cleaning and management of waste
streams.

10.1.PCC with combination of high-dust SCR, ESP
and wet FGD with wastewater processing and
formation of APC waste streams

A scheme of power plant with coal combustion, flue
gas cleaning containing high dust SCR, ESP and wet
FGD with gypsum production and wastewater processing
is shown in Fig. 9.

Possible H,0 vapor
condensation (water

recovery) and flue gas < -;
reheating I
] I
. . I ] Flue gas
Possible CaBr; addition -==" |
Water ]
I
Coal for :
combustion Boiler High Stack or
(possible Bg PCC > dust SCR —»| EP cooling tower
pre-drying)
Fly ash with HMs, Gypsum Sludge
Se content, REE |@—— + *
content
Wastewater processing

v v

Water Solid waste
recovery for streams
FGD

Fig. 9: Scheme of CFPP with flue gas cleaning containing high dust SCR, ESP and wet FGD with gypsum production
and wastewater processing generating recovered water stream and solid waste stream
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Adherence to principles of ZLD requires recovery
of relatively clean water for return to FGD, production of
solid waste output streams and minimization of genera-
tion of hazardous waste containing water soluble HMs,
Se- and B-compounds. Water recovery is possible not
only from FGD wastewater, but also from flue gas satu-
rated with water vapor downstream wet FGD by partial
condensation of water vapor and utilization of the recov-
ered heat e.qg. for district heating [197].

Another option for water recovery is offered for wet
coals/lignites, where pre-drying with water vapor con-
densation from drying recirculated gases can contribute
to water recovery/saving [193,198].

In the case of low content of chlorine in coal, oxida-
tion of mercury in flue gas (conversion to HgCly) will be
insufficient for efficient removal of Hg?* in wet FGD. In
such a case, addition of CaBr, to coal or addition of
HBr/Br, into flue gas is recommended [190]. The unde-
sired side effects of such improvement for Hg-removal
are, however, higher corrosion of heat exchangers, me-
tallic surfaces, possible formation of brominated com-
pounds in ESP and some content of water soluble bro-
mides in wastewater from wet FGD process.

If ZLD and formation of concentrated solid waste
streams are considered, bromides (e.g. CaBr,, NaBr etc.)
will be contained in a mixture with CaCl,, MgSQ,, and
other water soluble salts in a solid waste stream. Selective
removal of bromides is relatively difficult and requires
e.g. electrochemical desalination [199]. Removal of
CaCl; from wastewater by means of Friedel s salt precip-
itation [10,200] is possible, but it requires high surplus of
Ca(OH); and aluminate salts. Therefore, effectivity of
chlorides removal is low.

Water saving strategy requires recovery of water
from flue gas (partial condensation of water vapor)
downstream the wet FGD. According to temperature of
saturated flue gas (usually 50-65 °C) and resulting final
temperature of flue gas after condensation (approx. 40—
50 °C), about half of the water vapor content of flue gas
could be condensed for water recovery and return to the
FGD by direct or indirect cooling of flue gas and succes-
sive water cleaning [197,201]. The cooled, saturated flue
gas is released either into atmosphere through cooling
tower (without heating) or through a chimney after suffi-
cient heating (for reduction of relative humidity of the
flue gas). Recuperative heating (heat exchangers) is usu-
ally applied utilizing sensible heat of flue gas upstream
of the wet FGD. Such heat exchangers suffer from corro-
sion and fouling by aerosols/droplets containing gypsum
and chlorides [202,203], and they need, at least in a part
of them, to be covered by special corrosion resistant ma-
terials (e.g. PTFE layers). Flue gas outlet of water vapor
saturated gas with aerosols/droplets [202,204,205],
through cooling tower causes both increasing atmos-
pheric emissions of aerosol/droplets containing gyp-
sum/chlorides by drift and pollution of the cooling water
by falling droplets with inorganic salts.

Therefore, in such a case, the cooling water needs
more often regeneration or wastewater blowdown to-
gether with higher consumption of fresh water. It means
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higher requirement on water consumption/wastewater
cleaning.

Improved efficiency of mercury removal by addi-
tion of CaBr; to coal and precipitation/removal of mer-
cury from wet FGD wastewater/sludge by a special inor-
ganic additive containing polysulfides (generating poly-
sulfane H.Sy) is described in relevant literature [77,190].

Generation of mercury and HMs containing hazard-
ous waste can be minimized according to scheme of
wastewater processing illustrated in Fig. 8.

In the case of reasonable content of REE or other
valuable elements (e.g. Ge) in coal, conditions for fly ash
separation are adjusted to recover efficiently the com-
pounds of selected valuable elements. This scheme for
flue gas cleaning and waste management/disposal is
probably suitable for coals with relatively higher content
of sulfur, lower to medium content of chlorine, higher
content of mercury and some HMs, Se-compounds and
significant content of recoverable REE, Ge, Ga, etc.

10.2.PCC with combination of high-dust SCR, ESP
and wet FGD with wastewater adjustment and
flash evaporation utilizing flue gas heat — for-
mation of mixed waste stream from fly ash and
FGD waste

The scheme of power plant with coal combustion,
flue gas cleaning containing high dust SCR, ESP/FF, wet
FGD with gypsum production and flash evaporation of
moderately concentrated wastewater upstream of the fil-
ters is shown in Fig. 10. Such arrangement of flue gas
cleaning and waste disposal from FGD [206,207] gener-
ates only one mixed stream of solid waste (fly ash and
dried waste from FGD). Water recovery is feasible again
from flue gas downstream the wet FGD. The status of
near ZLD is realized relatively simply in this way. Solid-
ification/stabilization of the mixed material (fly ash +
FGD waste) captured in filters requires special treatment,
addition of special additives, iron compounds, sulfur
compounds, cement or lime [178,208] for chemical sta-
bilization and solidification.

Recovery of REE or other valuable elements from
mixtures of fly ash with waste from wet FGD is unsuita-
ble and more difficult than in the foregoing case. Stabili-
zation/solidification of the mixture (fly ash + solid waste
from FGD) is complicated by presence of water soluble
salts (CaCl,, MgSQs, bromides, etc.). From the point of
view of economy [192,209,210] this method can be rela-
tively cheap under assumption that contents of sulfur,
chlorine, mercury and some other selected HMs are rela-
tively low and the S/S procedure for the mixed waste is
not excessively complicated and expensive.

The problems with aerosols/droplets in flue gas ex-
iting FGD and with pollution of cooling water in cooling
tower are similar as in the foregoing case.

Ammonium presence in flue gas (caused by e.g. am-
monia slip from SNCR) has an impact on fly ash compo-
sition captured in filters, on changed pH and ORP condi-
tions in FGD and on aerosol composition in flue gas at
the outlet from wet FGD.
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Fig. 10: Scheme of CFPP with flue gas cleaning containing high dust SCR, ESP or FF, wet FGD with gypsum produc-
tion and flash evaporation of moderately concentrated wastewater upstream of the filters

10.3.CFB combustion with in-situ desulfurization by
limestone, FF for fly ash removal, AC injection
and possible additional FF for AC+Hg capture

The usual scheme of power plant with CFB coal/lig-
nite combustion, flue gas cleaning containing rather low
dust SCR, fabric filter (FF) for fly ash and desulfurization
products removal, injection of AC based mercury sorbent
or impregnated AC/mineral sorbent, possible additional
FF for deep removal of dust and mercury sorbent (with-
out any wastewater discharge) is shown in Fig. 11.

Circulating fluidized bed combustion with in-situ
desulfurization by limestone addition has operating tem-
perature typically around 850 °C (substantially lower
than PCC). CFB combustion is suitable particularly for
coals/lignites with lower calorific value, high ash coals,
mixed fuels and fluctuating quality of fuels. For high ash
lignite and subbituminous coals, low dust position of
SCR is usually preferred due to slower deactivation of
catalyst. A smaller part of ash with CaSO. and remaining
non-reacted CaO is removed as bottom ash.
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A significant part of ash with small particles of
CaS04/Ca0/CaCO0s is removed in FF. Depending on op-
erating temperature of FF, content of unburnt carbon and
chlorine (in form of chlorides) in fly ash, a substantial
part of mercury is captured and removed together with
fly ash in FF [211,212]. Similarly, a decisive part of As,
Cd, Pb, Zn and some other compounds of HMs are re-
moved on the primary FF. Fly ash from CFB combustion
(particularly from lignite combustion) is more efficient
for sorption of Hg, and Hg-compounds than fly ash from
high temperature PCC. The rest of mercury is captured
by means of sorption on injected activated carbon parti-
cles or impregnated AC particles in successive FF. The
lower the sorption temperature the more efficient sorp-
tion of Hg, particularly on non-impregnated AC, is at-
tained. Suitable temperatures are usually between 100
and 140 °C. The mercury adsorbed on AC can be stabi-
lized by sulfides, polysulfides or organic compounds
containing sulfur. Higher concentrations of SO, in flue
gas deteriorate efficiency of mercury sorption on AC.
Higher concentrations of HCI, higher oxygen concentra-
tion and presence of oxides of transition metals improve
Hg-oxidation and sorption on AC.
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Fig. 11: Scheme of power plant with CFB coal/lignite combustion, flue gas cleaning containing fabric filters (FF), usu-
ally low dust SCR, injection of AC/mineral based mercury sorbent, and possible additional FF for removal of the spent
sorbent with mercury load (without any wastewater discharge)

Disadvantage of CFB based technology with dry
flue gas cleaning is relatively high consumption of lime-
stone (Ca/S molar ratio for 80-90 % desulfurization of
flue gas is usually between 1.4 and 2. Utilization of fly
ash from CFB combustion for recovery of valuable ele-
ments is more difficult due to relatively high content of
Ca-compounds in a mixture with fly ash. On the other
hand, there is practically no consumption of water and no
generation of wastewater in this technology. Flue gas is
not saturated by water vapor downstream the second fil-
tration and no reheating of flue gas upstream the stack is
needed. However, in retrofitting of older units with CFB
combustion with in-situ additive desulfurization (due to
more stringent limits for SO, emissions), additional wet
FGD is often needed for this purpose. Another option for
efficient flue gas cleaning in CFB combustion is wet-dry
desulfurization by means of Ca(OH): slurry with AC ad-
dition and downstream application of FF. Under such
conditions the final SO,, HCI and Hg-emissions can be
very low.

Mixtures of fly ash with CaSO./Ca0, depending on
coal and flue gas composition, can exert the so called
puzzolanic properties — it means hardening after addition
of water or water with some additives. Such solid product
prevents leaching of HMs from fly ash and causes very
good chemical stabilization of the mixed waste material.

Presence of ammonia in flue gas (from SNCR or
SCR of NOy) causes mainly presence of ammonium salts
in fly ash, partly also in AC with adsorbed mercury.
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11. Conclusions

Mercury compounds in coal and other fuels are
transformed during combustion processes to elemental
mercury and oxidized mercury compounds (HgO, HgCls,
Hg.S04, etc.), depending on flue gas composition, tem-
perature, presence of sorbents and cooling rate.

According to operational parameters and composi-
tion of the flue gas cleaning lines, a part of mercury is
removed as Hg; in filters (ESP, FF). According to tem-
perature, presence of HCI in flue gas, chlorides and un-
burnt carbon in fly ash particles, mercury is adsorbed in
various forms on fly ash particles.

Fly ash particles are increasingly valuable raw ma-
terial for recovery of REE metals and some other useful
and scarce elements (e.g. Ge, Ga). Coal combustion re-
lated fly ashes are used in cement production, as fillers,
additives to concretes, etc. However, any thermal pro-
cessing of fly ash with temperatures approx. above
200 °C (e.g. cement production, smelting of fly ash with
alkalis for REE recovery) is potential source of mercury
emissions and according to operating temperature of
some other elements (As, Pb, etc.).

The remaining substantial part of mercury in flue
gas downstream fly ash filters (usually over 60—-80 %)
will continue in flue gas to be removed in a dry sorption
process by AC or mineral sorbents (better with impreg-
nation) or removed in a wet flue gas cleaning process
(FGD) together with SO,, HCI and other acid gases. In
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the case of insufficient concentration of chlorine in coal
(and consequently in flue gas) a source of bromine (e.g.
CaBr») should be added to coal for combustion. HBr/Br»
presence in flue gas is substantially more efficient in Hg-
oxidation (HgBr, formation) than HCI/Cl, (HgCl, for-
mation).

Wet FGD systems (mostly a two-stage process
based on limestone slurry scrubbing) removes a part of
small fly ash particles present in flue gas (together with
HMs present on them — like Pb and As compounds) and
removes oxidized water soluble Hg-compounds (HgCl.
and HgBr,). Hg® is only partly absorbed into acidic solu-
tions containing HCI and HgCl, (e.g. in pre-washer HCI
removal from flue gas upstream the wet FGD removal of
SOy). It means that the efficiency of wet FGD for mer-
cury removal depends primarily on HgCl,/Hg® ratio in
flue gas. Wet FGD process has, at least in a part, reduc-
tion atmosphere contributing to reduction of Hg®* com-
pounds to elemental mercury and its re-emission. The re-
emission of Hg is influenced by presence of Hg com-
plexes (HgCls>, HgBrs%, etc.) in absorption slurry, pH,
ORP, temperature, SO, concentration in flue gas.

In the case of insufficient mitigation of Hg-emis-
sions by wet FGD, the catalytic SPM method can be used
downstream for Hg-emission reduction. Advantage of
this method is in binding of mercury in the form of non-
toxic Hgs.

The waste streams from wet FGD comprise gypsum
(as useful product), waste sludge and wastewater (as
waste streams). Mercury is generally present in all out-
puts, but content of Hg in gypsum can be minimized (se-
lection of bigger slurry particles, careful washing). The
output streams from wet FGD contain also other heavy
metals (As, Cd, Pb, etc.), Se-compounds, B-compounds,
etc. Arsenic, lead and Se-compounds are often concen-
trated in gypsum, Cd and Hg rather in waste sludge and
wastewater. Boron is present mainly in wastewater. Deep
removal of Se- and B-compounds from FGD wastewater
is still rather problematic and expensive.

Due to the fact that HgS is the only one recognized
non-toxic compound of mercury (organic S-containing
salts as TMT and other precipitated compounds of mer-
cury being still discussed and doubted), mercury present
in the sludge and wastewater needs transformation into
HgS (addition of alkali-sulfides or poly-sulfides, inor-
ganic/organic). Transformation of water soluble Hg-
compounds into elemental mercury has no sense, because
it presents no sellable product (in fact liquid Hg® has now
negative price). The overall wastewater cleaning process
from wet FGD can be arranged/adapted into two stages,
where mercury is precipitated and concentrated in the
second stage sludge forming only relatively small part
(5-15 mass %) of the sludge. The primary sludge with
low content of mercury (containing significant part of
precipitated HM compounds from FGD) can be recycled
into combustion, together with coal. The secondary
sludge with stabilized form of Hg (in the form of HgS)
and some other stabilized HM can be solidified.
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The increasing lack of natural fresh water in the
world together with high consumption of water in wet
FGD and generally relatively high water evaporation
losses led to trials and development of processes/technol-
ogies based on principles of low water consumption FGD
technologies. It supposes condensation of water vapor
from flue gas and application of technical developments
using conception of zero liquid discharge (ZLD) from
FGD process (with water recycling/re-use). These con-
cepts can save fresh water sources needed for flue gas
cleaning line, but the potential technologies with ZLD
conception are still expensive, with substantial energy
demands. Moreover, they solve only insufficiently pro-
duction and utilization (recycling) of water soluble salts
produced as solid waste or dense sludge waste from the
wastewater. In this respect, CFB combustion technology
with “in situ” dry desulfurization by limestone addition
and with dry Hg removal by solid sorbents is better, with
practically no water consumption in flue gas cleaning.
The mixed (ash + CaSO4 + CaO) residues from CFB
coal/lignite combustion have puzzolanic activity, but
they enable no production of utilizable gypsum. Recov-
ery of REE or some other valuable elements from mix-
tures of fly ash with Ca-compounds is more difficult than
from pure fly ash. Semi-dry method of flue gas desulfu-
rization by Ca(OH). slurry has also no production of
wastewater (adherence to ZLD), but the technology
needs water for the inlet slurry preparation. Removal of
mercury and some other HMs from flue gas is more effi-
cient on fabric filters often used in de-dusting of flue gas
in CFB combustion. The lower the temperature of flue
gas filtration by FFs the lower Hg emissions can be
achieved. This is particularly proved by semi-dry desul-
furization with low final filtration temperature (below
100 °C).

Pressure on lower consumption of fresh water for
substitute of evaporated water and blowdown (polluted)
water in cooling towers (in open cycle cooling with water
recirculation) leads to implementation of indirect cooling
methods and to limitations in water vapor saturated flue
gas discharge through cooling towers. The aerosols/drop-
lets from flue gas downstream the wet FGD contribute to
cooling water pollution and higher needs/costs for cool-
ing water cleaning and recovery. Direct outlet of water
vapor saturated flue gas with aerosols/droplets down-
stream wet FGD through the cooling tower is cheaper
than reheating of the saturated flue gas and its exit
through the stack, but such solution leads to higher aero-
sol emissions of Ca, Fe, ammonium and other salts to the
atmosphere and to increased cooling water pollution.

As it is obvious, the complex solution of environ-
mental impacts in coal-fired power generation technolo-
gies needs to improve, minimize the waste output streams
(particularly hazardous waste containing water soluble
HMs), cut down external water consumption, maximize
utilization of the coal related ash and air pollution control
(APC) waste for recovery of some valuable elements
(like REE) and water soluble salts. Such new complex,
environmentally friendly solutions require, however,
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substantially higher energy consumption, new technolog-
ical schemes, mitigation of problems coupled with mem-
brane and electrochemical methods of wastewater clean-
ing technologies (fouling, scaling, clogging, high energy
consumption) and looking for new ways of utilization of
the coal combustion related waste according to principles
of circular economy.

The prices of coals and lignites on the market will
be more diversified according to content of ash, sulfur,
chlorine, bromine, HMs, Se, boron, etc. in fuels. Pressure
on minimization of hazardous waste formation and dis-
posal from coal combustion and flue gas cleaning is in-
creasing.

In leaching tests and analytical procedures, more
simple, more directed and more practical methods will be
required for determination of speciation of mercury in
solid waste materials to confirm exclusive content of
non-toxic HgS in waste. Similarly a better insight into
speciation and toxic properties will be required for other
HMs. Last, but not least, new analytical procedures for
Se- and B-compounds in wastewater, cheap and reliable
methods for solid waste stabilization, minimization of
leaching and minimization of hazardous waste streams
will be required.
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Abbreviations

AC Active carbon for sorption

ACI Active carbon injection

APC Air pollution control

BAT Best available techniques

CcC Coal combustion

CFB Circulating fluidized bed

CFPP Coal fired power plant

CS-ESP  Cool side electrostatic precipitator

DMTC Dimethyl-dithiocarbamate

DTCR Dithiocarbamate

DWEL Drinking water equivalent level

EC Electrocoagulation

ED Electrodialysis

ELGs Effluent limitation guidelines

ESP Electrostatic precipitator (for fly ash re-
moval)

FA Fly ash

FF Fabric filter (for fly ash removal)

FGD Flue gas desulfurization

FO Forward osmosis

GFH Granular ferric hydroxide

GFO Granular ferric oxide
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GTO Granular titanium oxide

HM Heavy metal

MCL Maximum concentration limit

MD Membrane distillation

MSWI Municipal solid waste incineration

NF Nano-filtration

ORP Oxidation-reduction potential

PCC Pulverized coal combustion

PTFE Polytetrafluorethylene polymer

REE Rare earth elements

RO Reverse osmosis

SCR Selective catalytic reduction of NOx
SNCR Selective non-catalytic reduction of NOx
SPM Sorbent polymer modules for Hg removal
SIS Stabilization and solidification

TCLP Toxicity Characteristic Leaching Procedure
TDS Total dissolved solids

TMT 2,4,6-trimercaptotriazine

ZLD Zero liquid discharge

ZVI Zero valent iron (used for reduction)
References

1. Ariya, P. A, Amyot, M., Dastoor, A. et al.: Mercury
Physicochemical and Biogeochemical
Transformation in the Atmosphere and at
Atmospheric Interfaces: A Review and Future
Directions. Chem. Rev., 2015, 115(10), p. 3760-
3802, DOI: 10.1021/cr500667e.

2. Zhao, S., Pudasainee, D., Duan, Y. et al.: A review
on mercury in coal combustion process: Content
and occurrence forms in coal, transformation,
sampling methods, emission and control
technologies. Prog. Energy Combust. Sci., 2019,
73, p. 26-64, DOI: 10.1016/j.pecs.2019.02.001.

3. Streets, D. G., Lu, Z., Levin, L. et al.: Historical
releases of mercury to air, land, and water from coal
combustion. Sci. Total Environ., 2018, 615, p. 131-
140, DOI: 10.1016/j.scitotenv.2017.09.207.

4. Svoboda, K., Hartman, M., Syc, M. et al.:
Possibilities of mercury removal in the dry flue gas
cleaning lines of solid waste incineration units. J.
Environ. Manage., 2016, 166, p. 499-511, DOI:
10.1016/j.jenvman.2015.11.001.

5. Kim, K.-H.,Kim, M.-Y.: Mercury emissions as
landfill gas from a large-scale abandoned landfill
site in Seoul. Atmos. Environ., 2002, 36(31), p.
4919-4928, DOI: 10.1016/S1352-2310(02)00408-
9.

6. Martinez-Finley, E. J.,Aschner, M.: Recent
Advances in Mercury Research. Curr. Environ.
Health Rep., 2014, 1(2), p. 163-171, DOI:
10.1007/s40572-014-0014-z.

7. Egorova, K. S.,Ananikov, V. P.: Toxicity of Metal
Compounds: Knowledge and Myths.
Organometallics, 2017, 36(21), p. 4071-4090, DOI:
10.1021/acs.organomet.7b00605.

8. Zheng, C., Wang, L., Zhang, Y. et al.: Partitioning
of Hazardous Trace Elements among Air Pollution



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Control Devices in Ultra-Low-Emission Coal-Fired
Power Plants. Energy Fuels, 2017, 31(6), p. 6334-
6344, DOI: 10.1021/acs.energyfuels.7b00894.
Cheng, C.-M., Hack, P., Chu, P. et al.: Partitioning
of Mercury, Arsenic, Selenium, Boron, and
Chloride in a Full-Scale Coal Combustion Process
Equipped with Selective Catalytic Reduction,
Electrostatic ~ Precipitation, and Flue Gas
Desulfurization Systems. Energy Fuels, 2009,
23(10), p. 4805-4816, DOI: 10.1021/ef900293u.
Wang, L. P., Lee, W. H., Man Tseng, S. et al.:
Removal of Chloride lons from an Aqueous
Solution Containing a High Chloride Concentration
through the Chemical Precipitation of Friedel's Salt.
Mater. Trans., 2018, 59(2), p. 297-302, DOI:
10.2320/matertrans.M2017273.

Zivoti¢, M. M., Jovanovi¢, V. V., Manié, N. G. et
al.: Chloride and fluoride contents in flue gas during
domestic lignite coals combustion as a parameter in
the design of flue gas desulphurisation plant. FME
Transactions, 2017, 45(1), p. 58-64.

Kolker, A., Quick, J. C., Senior, C. L. etal.: Mercury
and halogens in coal—Their role in determining
mercury emissions from coal combustion. in Fact
Sheet 2012-3122, 2012, US Geological Survey,
Cordoba, P.: Partitioning and speciation of selenium
in wet limestone flue gas desulphurisation systems:
A review. Fuel, 2017, 202, p. 184-195, DOI:
10.1016/j.fuel.2017.04.015.

Franus, W., Wiatros-Motyka, M. M.,Wdowin, M.:
Coal fly ash as a resource for rare earth elements.
Environ. Sci. Pollut. Res., 2015, 22(12), p. 9464-
9474, DOI: 10.1007/s11356-015-4111-9.

Funari, V., Bokhari, S. N. H., Vigliotti, L. etal.: The
rare earth elements in municipal solid waste
incinerators ash and promising tools for their
prospecting. J. Hazard. Mater., 2016, 301, p. 471-
479, DOI: 10.1016/j.jhazmat.2015.09.015.
Gollakota, A. R. K., Volli, V.Shu, C.-M.:
Progressive utilisation prospects of coal fly ash: A
review. Sci. Total Environ., 2019, 672, p. 951-989,
DOI: 10.1016/j.scitotenv.2019.03.337.

Gingerich, D. B., Zhao, Y.Mauter, M. S.
Environmentally significant shifts in trace element
emissions from coal plants complying with the 1990
Clean Air Act Amendments. Energy Policy, 2019,
132, p. 1206-1215, DOI:
10.1016/j.enpol.2019.07.003.

Baldrey, K. E., Sjostrom, S. J.Ellison, K. M.:
Options to Stabilize and Utilize Tomorrow@ s Fly
Ash : Approaches and Initial Results. 2015.

Chu, P.: Treatment technology summary for critical
pollutants of concern in power plant wastewaters.
Technical Update 2007, accessed 30 September
2020, Available from:
https://www3.epa.gov/regionl/npdes/merrimacksta
tion/pdfs/ar/AR-932.pdf.

Cordoba, P.: Status of Flue Gas Desulphurisation
(FGD) systems from coal-fired power plants:

59

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Overview of the physic-chemical control processes
of wet limestone FGDs. Fuel, 2015, 144, p. 274-
286, DOI: 10.1016/j.fuel.2014.12.065.
Balasundaram, K.,Sharma, M.: Technology for
mercury removal from flue gas of coal based
thermal power plants: A comprehensive review.
Critical Reviews in Environmental Science and
Technology, 2019, 49(18), p. 1700-1736, DOI:
10.1080/10643389.2019.1583050.

Kikkawa, H., Shimohira, W., Nagayasu, T. et al.:
Highly-efficient removal of toxic trace elements
and particulate matter in flue gas emitted from coal-
fired power plants by air quality control system
(AQCS). Tech. Rev. - Mitsubishi Heavy Ind., 2015,
52(2), p. 89-89.

Wu, Q., Wang, S., Liu, K. et al.: Emission-Limit-
Oriented Strategy To Control Atmospheric Mercury
Emissions in Coal-Fired Power Plants toward the
Implementation of the Minamata Convention.
Environ. Sci. Technol., 2018, 52(19), p. 11087-
11093, DOI: 10.1021/acs.est.8002250.

Hower, J. C., Senior, C. L., Suuberg, E. M. et al.:
Mercury capture by native fly ash carbons in coal-
fired power plants. Prog. Energy Combust. Sci.,
2010, 36(4), p. 510-529, DOI:
10.1016/j.pecs.2009.12.003.

United Nations Environment Programme: Process
Optimization Guidance for Reducing Mercury
Emissions from Coal Combustion in Power Plants.
Division of Technology, Industry and Economics
(DTIE) Chemicals Branch Geneva, Switzerland,
January 2011.
https://pdfs.semanticscholar.org/920f/55680d7df30
b86a9ced6d85c521ch8d1fc27.pdf (accessed 30
September 2020).

Pudasainee, D., Lee, S. J.,, Lee, S.-H. et al.: Effect of
selective catalytic reactor on oxidation and
enhanced removal of mercury in coal-fired power
plants. Fuel, 2010, 89(4), p. 804-809, DOI:
10.1016/j.fuel.2009.06.022.

Riethmann, T.: Untersuchungen zur Sorption von
Quecksilber aus Verbrennungsabgasen und
Nebenprodukten in Entschwefelungsanlagen. Ph.D.
Dissertation, 2013, Universitét Stuttgart.

Schiitze, J.: Quecksilberabscheidung in der nassen
Rauchgasentschwefelung von Kohlekraftwerken.
Ph.D. Dissertation, 2013, Martin Luther Universitét
Halle-Wittenberg, Germany.

Hsu, C.-J., Atkinson, J. D., Chung, A. et al.
Gaseous mercury re-emission from wet flue gas
desulfurization wastewater aeration basins: A
review. J. Hazard. Mater., 2021, 420, DOI:
10.1016/j.jhazmat.2021.126546.

Farr, S., Heidel, B., Hilber, M. et al.: Influence of
Flue-Gas Components on Mercury Removal and
Retention in Dual-Loop Flue-Gas Desulfurization.
Energy Fuels, 2015, 29(7), p. 4418-4427, DOI:
10.1021/acs.energyfuels.5b00899.



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Keiser, B., Glesmann, S., Taff, B. et al.: Improving
capture of Mercury efficiency of WFGDs by
reducing Mercury Re-emission. 2014, accessed
30/9/2020, Available from:
https://lab.lanxess.com/fileadmin/user_upload/ICA
C_Improving_Capture_of Mercury_Efficiency_of
_WFDGs.pdf.

Krzyzynska, R., Hutson, N. D., Zhao, Y. et al.:
Mercury removal and its fate in oxidant enhanced
wet flue gas desulphurization slurry. Fuel, 2018,
211, p. 876-882, DOI: 10.1016/j.fuel.2017.10.004.
Omine, N., Romero, C. E., Kikkawa, H. et al.: Study
of elemental mercury re-emission in a simulated
wet scrubber. Fuel, 2012, 91(1), p. 93-101, DOI:
10.1016/j.fuel.2011.06.018.

Tang, T., Xu, J., Lu, R. et al.: Enhanced Hg2+
removal and HgO re-emission control from wet fuel
gas desulfurization liquors with additives. Fuel,
2010, 89(12), p. 3613-3617, DOl:
10.1016/j.fuel.2010.07.045.

Bittig, M.: Zum Einfluss unterschiedlicher Liganden
auf die Quecksilberabscheidung in absorptiven
Abgasreinigungsstufen. Ph.D. Dissertation, 2010,
Universitit Duisburg-Essen, Germany.

Piao, H.,Bishop, P. L.: Stabilization of mercury-
containing wastes using sulfide. Environ. Pollut.,
2006, 139(3), p. 498-5086, DOI:
10.1016/j.envpol.2005.06.005.

Jedrusik, M., Gostomczyk, M. A., Swierczok, A. et
al.: Mercury re-emission from adipic acid enhanced
FGD absorber — Full scale investigations on
~400 MWe boiler (lignite) with oxidant injection to
flue gas. Fuel, 2019, 238, p. 507-513, DOI:
10.1016/j.fuel.2018.10.131.

Lina, L. V., Gao, R,, Yang, J. et al.: Investigation of
organic desulfurization additives affecting the
calcium sulfate crystals formation. Chem. Ind.
Chem. Eng. Q., 2017, 23(2), p. 161-167, DOI:
10.2298/CICEQ151123027L.

Wang, Y., Liu, Y., Mo, J. et al.: Effects of Mg2+ on
the bivalent mercury reduction behaviors in
simulated wet FGD absorbents. J. Hazard. Mater.,
2012, 237-238, p. 256-261, DOl:
10.1016/j.jhazmat.2012.08.036.

Wu, C., Cao, Y., Dong, Z. et al.: Evaluation of
mercury speciation and removal through air
pollution control devices of a 190 MW boiler. J.
Environ. Sci., 2010, 22(2), p. 277-282, DOI:
10.1016/S1001-0742(09)60105-4.
Ochoa-Gonzalez, R., Cordoba, P., Diaz-Somoano,
M. et al.: Differential partitioning and speciation of
Hg in wet FGD facilities of two Spanish PCC power
plants. Chemosphere, 2011, 85(4), p. 565-570,
DOI: 10.1016/j.chemosphere.2011.06.081.
Gingerich, D. B., Grol, E.Mauter, M. S.
Fundamental  challenges and  engineering
opportunities in flue gas desulfurization wastewater
treatment at coal fired power plants. Environmental

60

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Science: Water Research & Technology, 2018, 4(7),
p. 909-925.

Lina, L. V., Yang, J., Shen, Z. et al.: Optimizing the
characteristics of calcium sulfate dihydrate in the
flue gas desulfurization process: Investigation of
the impurities in slurry — Cl-, Fe3+ and Mn2+.
Chem. Ind. Chem. Eng. Q., 2017, 23(3), p. 293-299,
DOI: 10.2298/CICEQ160612043L.

Liu, S., Yang, H., Zhang, Z. et al.: Emission
Characteristics of Fine Particles from Wet Flue Gas
Desulfurization System Using a Cascade of Double
Towers. Aerosol Air Qual. Res., 2018, 18(7), p.
1901-1909, DOI: 10.4209/aaqr.2017.11.0480.
Yeboah, N. N. N., Ellison, K. M., Minkara, R. Y. et
al.: Treatment and Disposal Alternatives for Flue
Gas Desulfurization Wastewater. in World of Coal
Ash (WOCA) Conference, May 5-7, 2015, Nashville
Tn, USA.

Kameda, T., Yoshioka, T., Mitsuhashi, T. etal.: The
simultaneous removal of calcium and chloride ions
from calcium chloride solution using magnesium—
aluminum oxide. Water Res., 2003, 37(16), p. 4045-
4050, DOI: 10.1016/S0043-1354(03)00311-7.
Hamidi, R., Kahforoushan, D.,Fatehifar, E.: The
simultaneous removal of calcium, magnesium and
chloride ions from industrial wastewater using
magnesium-aluminum oxide. J. Environ. Sci.
Health, Part A: Toxic/Hazard. Subst. Environ.
Eng., 2013, 48(10), p. 1225-1230, DOIL:
10.1080/10934529.2013.776855.

Alvarez-Ayuso, E., Querol, X., Ballesteros, J. C. et
al.: Risk minimisation of FGD gypsum leachates by
incorporation of aluminium sulphate. Sci. Total
Environ.,, 2008, 406(1), p. 69-75, DOI:
10.1016/j.scitotenv.2008.08.010.

Yu, J., Lu, J.,Kang, Y.: Removal of sulfate from wet
FGD wastewater by co-precipitation with calcium
hydroxide and sodium aluminate. Water Sci.
Technol., 2018, 77(5), p. 1336-1345, DOI:
10.2166/wst.2018.019.

Cao, L., Yang, J., Xu, Y. et al.: The coupling use of
electro-chemical and advanced oxidation to
enhance the gaseous elemental mercury removal in
flue gas. Sep. Purif. Technol., 2021, 257, DOI:
10.1016/j.seppur.2020.117883.

Cordoba, P.,Staicu, L. C.: Flue gas desulfurization
effluents: An unexploited selenium resource. Fuel,
2018, 223, p. 268-276, DOI:
10.1016/j.fuel.2018.03.052.

Zhang, X.: Management of coal combustion wastes.
20141EA Clean Coal Centre, p. 2-68, 978-92-9029-
551-8.

Mansour, F., Alnouri, S. Y., Al-Hindi, M. et al.:
Screening and cost assessment strategies for end-of-
Pipe Zero Liquid Discharge systems. J. Cleaner
Prod., 2018, 179, p. 460-477, DOI:
10.1016/}.jclepro.2018.01.064.

Yaqub, M.,Lee, W.: Zero-liquid discharge (ZLD)
technology for resource recovery from wastewater:



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

A review. Sci. Total Environ., 2019, 681, p. 551-
563, DOI: 10.1016/j.scitotenv.2019.05.062.
Lenntech, B. V.: Zero Liquid Discharge - ZLD.
accessed 30 September 2021, Available from:
https://www.lenntech.com/processes/Brine-
Treatment/zero-liquid-discharge-zld.htm.

Jia, F.Wang, J.. Treatment of flue gas
desulfurization wastewater with near-zero liquid
discharge by nanofiltration-membrane distillation
process. Sep. Sci. Technol., 2018, 53(1), p. 146-153,
DOI: 10.1080/01496395.2017.1379539.

Li, Y., Yan, M., Zhang, L. et al.: Method of flash
evaporation and condensation — heat pump for deep
cooling of coal-fired power plant flue gas: Latent
heat and water recovery. Appl. Energy, 2016, 172,
p. 107-117, DOI: 10.1016/j.apenergy.2016.03.017.
Renew, J. E.: Immobilization of heavy metals in
solidified/stabilized co-disposed bituminous coal
fly ash and concentrated flue gas desulfurization
wastewater. Ph.D. Dissertation, 2017, Georgia
Institute of Technology, USA.

Lee, T. G, Eom, Y., Lee, C. H. et al.: Stabilization
and Solidification of Elemental Mercury for Safe
Disposal and/or Long-Term Storage. J. Air Waste
Manage. Assoc., 2011, 61(10), p. 1057-1062, DOI:
10.1080/10473289.2011.608615.

Wang, C., Liu, H., Zhang, Y. et al.: Review of
arsenic  behavior during coal combustion:
Volatilization, transformation, emission and
removal technologies. Prog. Energy Combust. Sci.,
2018, 68, p. 1-28, DOI:
10.1016/j.pecs.2018.04.001.

Wang, J., Zhang, Y., Liu, Z. et al.: Effect of
Coordinated Air Pollution Control Devices in Coal-
Fired Power Plants on Arsenic Emissions. Energy
Fuels, 2017, 31(7), p. 7309-7316, DOI:
10.1021/acs.energyfuels.7b00711.

Kim, H.-T.,Lee, T. G.: A simultaneous stabilization
and solidification of the top five most toxic heavy
metals (Hg, Pb, As, Cr, and Cd). Chemosphere,

2017, 178, p. 479-485, DOI:
10.1016/j.chemosphere.2017.03.092.
Bisson, T. M. Xu, Z.: Potential Hazards of

Brominated Carbon Sorbents for Mercury Emission
Control. Environ. Sci. Technol., 2015, 49(4), p.
2496-2502, DOI: 10.1021/es5052793.

Winkel, H.: Possibilities and disadvantages of
bromide addition to reduce mercury emissions at
coal-fired power stations. VGB PowerTech, 2014,
8.

Zhuang, Y., Chen, C., Timpe, R. et al:
Investigations on bromine corrosion associated with
mercury control technologies in coal flue gas. Fuel,
2009, 88(9), p. 1692-1697, DOI:
10.1016/j.fuel.2009.01.013.

Zuckerman, V. A.: Behaviour of Boiler Steel
Exposed to Combustion Gases Containing Bromide
and Chloride Additives. Int. J. Energy Power Eng.,

61

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

2014, 3(4), p. 162-162, DOl:
10.11648/j.ijepe.20140304.11.

Senior, C., Granite, E., Linak, W. et al.: Chemistry
of Trace Inorganic Elements in Coal Combustion
Systems: A Century of Discovery. Energy Fuels,
2020, 34(12), p. 15141-15168, DOI:
10.1021/acs.energyfuels.0c02375.

Ji, Z., Huang, B., Gan, M. et al.: Recent progress on
the clean and sustainable technologies for removing
mercury from typical industrial flue gases: A
review. Process Saf. Environ. Prot., 2021, 150, p.
578-593, DOI: 10.1016/j.psep.2021.04.017.
Shrestha, R., Ban, S., Devkota, S. et al.:
Technological trends in heavy metals removal from
industrial wastewater: A review. J. Environ. Chem.
Eng., 2021, 9(4), p. 105688-105688, DOI:
10.1016/j.jece.2021.105688.

Zheng, C., Xu, L., Liu, S. et al.: Speciation and
Thermal Stability of Mercury in Solid Products
from Ultralow Emission Air Pollution Control
Devices. Energy Fuels, 2018, 32(12), p. 12655-
12664, DOI: 10.1021/acs.energyfuels.8b01971.
Commission  Implementing  Decision  (EU)
2017/1442 of 31 July 2017 establishing best
available techniques (BAT) conclusions, under
Directive 2010/75/EU of the European Parliament
and of the Council, for large combustion plants. in
EU of the European Parliament and of the Council,
for large combustion plants (notified under
document C (2017), 2017,

Pilat, L., Borovec, K., Szeliga, Z. et al.: The
mercury emissions from combustion of coal and
lignite in large combustion plants in the Czech
Republic. in 14th International Conference on
Mercury as a Global Pollutant, p. 89-89, 2019,
Krakow, Poland.

Lee, S.-W., Lowry, G. V.Hsu-Kim, H.:
Biogeochemical transformations of mercury in
solid waste landfills and pathways for release.
Environ. Sci.: Processes Impacts, 2016, 18(2), p.
176-189, DOI: 10.1039/C5EMO00561B.

O'Connor, D., Hou, D., Ok, Y. S. et al.: Mercury
speciation, transformation, and transportation in
soils, atmospheric flux, and implications for risk
management: A critical review. Environ. Int., 2019,

126, p. 747-761, DOI:
10.1016/j.envint.2019.03.019.

Kanefke, R.: Durch Quecksilberbromierung
verbesserte  Quecksilberabscheidung aus den
Abgasen von Kohlekraftwerken und
Abfallverbrennungsanlagen. Dissertation, 2008,
Martin ~ Luther Universitdt Halle-Wittenberg,
Germany.

Van Otten, B., Buitrago, P. A., Senior, C. L. et al.:

Gas-Phase Oxidation of Mercury by Bromine and
Chlorine in Flue Gas. Energy Fuels, 2011, 25(8), p.
3530-3536, DOI: 10.1021/ef200840c.

Vosteen, B.,Chaucherie, X.: Bromine-enhanced
mercury emissions control at diverse waste


http://www.lenntech.com/processes/Brine-Treatment/zero-liquid-discharge-zld.htm
http://www.lenntech.com/processes/Brine-Treatment/zero-liquid-discharge-zld.htm

PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

incineration plants in Germany and France. 2018,
accessed 3 June 2020, Available from:
http://www.vivis.de/phocadownload/Download/20
18 wm/2018 wm_575-590_vosteen.pdf.

Cao, Y., Gao, Z., Zhu, J. et al.: Impacts of Halogen
Additions on Mercury Oxidation, in A Slipstream
Selective Catalyst Reduction (SCR), Reactor When
Burning Sub-Bituminous Coal. Environ. Sci.
Technol.,, 2008, 42(1), p. 256-261, DOI:
10.1021/es071281e.

Fernandez-Miranda, N., Lopez-Anton, M. A., Diaz-
Somoano, M. et al.: Mercury oxidation in catalysts
used for selective reduction of NOx (SCR) in oxy-
fuel combustion. Chem. Eng. J., 2016, 285, p. 77-
82, DOI: 10.1016/j.cej.2015.10.022.

Wang, H., Yuan, B., Hao, R. et al.: A critical review
on the method of simultaneous removal of multi-
air-pollutant in flue gas. Chem. Eng. J., 2019, 378,
DOI: 10.1016/j.cej.2019.122155.

Alcove-Clave, S., Collier, J., Knorr, T. et al.: Oral
presentation R.0.3.3-1, Improved catalytic
solutions for lowering mercury emissions from
combustion sources. in 14-th Internat. Conf. on
Mercury as a Global Pollutant (ICMGP), Sept. 8-
13, 2019, Krakow, Poland.

Chen, C., Cao, Y., Liu, S. et al.: Review on the latest
developments in modified vanadium-titanium-
based SCR catalysts. Chin. J. Catal., 2018, 39(8), p.
1347-1365, DOI: 10.1016/S1872-2067(18)63090-
6.

Li, H., Li, Y., Wu, C.-Y. et al.: Oxidation and
capture of elemental mercury over SiO2-TiO2—
V205 catalysts in simulated low-rank coal
combustion flue gas. Chem. Eng. J., 2011, 169(1),
p. 186-193, DOI: 10.1016/j.cej.2011.03.003.
Straube, S., Hahn, T.,Koeser, H.: Adsorption and
oxidation of mercury in tail-end SCR-DeNOx
plants—Bench scale investigations and speciation
experiments. Appl. Catal. B, 2008, 79(3), p. 286-
295, DOI: 10.1016/j.apcatb.2007.10.031.

Gadgil, M., Feeney, S., Batanian, S. et al.: How
Installed Plant Equipment and Emissions Limits
Guide Mercury Removal Technology Choices. in
BR 1927, 2015Babcock & Wilcox, Amsterdam,
The Netherlands,

Senior, C. L.: Oxidation of Mercury across Selective
Catalytic Reduction Catalysts in Coal-Fired Power
Plants. J. Air Waste Manage. Assoc., 2006, 56(1), p.
23-31, DOI: 10.1080/10473289.2006.10464437.
Di Blasi, M., Thorwarth, H., Klatt, A. et al.:
Optimisation of SCR-DeNOXx catalyst performance
related to deactivation and mercury oxidation
(Denopt). 2013, 978-92-79-24936-5.

Wang, Z., Liu, J., Zhang, B. et al.: Mechanism of
Heterogeneous Mercury Oxidation by HBr over
V205/TiO2 Catalyst. Environ. Sci. Technol., 20186,
50(10), p. 5398-5404, DOl:
10.1021/acs.est.6b00549.

62

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Masoomi, |., Kamata, H., Yukimura, A. et al.:
Investigation on the behavior of mercury across the
flue gas treatment of coal combustion power plants
using a lab-scale firing system. Fuel Process.
Technol., 2020, 201, p. 106340-106340, DOI:
10.1016/j.fuproc.2020.106340.

Qu, Z., Yan, N., Liu, P. et al.: Oxidation and
Stabilization of Elemental Mercury from Coal-
Fired Flue Gas by Sulfur Monobromide. Environ.
Sci. Technol., 2010, 44(10), p. 3889-3894, DOI:
10.1021/es903955s.

Vosteen, B.: Verfahren zur quecksilberabscheidung.
PCT Int. Appl. WO 2009/092575 A1, BO1D53/64,
20009.

Lopez-Anton, M. A., Diaz-Somoano, M., Abad-
Valle, P. et al.: Mercury and selenium retention in
fly ashes: Influence of unburned particle content.
Fuel, 2007, 86(14), p. 2064-2070, DOI:
10.1016/j.fuel.2007.03.031.

Senior, C. L., Johnson, S. A.: Impact of Carbon-in-
Ash on Mercury Removal across Particulate
Control Devices in Coal-Fired Power Plants.
Energy Fuels, 2005, 19(3), p. 859-863, DOI:
10.1021/ef049861+.

Rumayor, M., Svoboda, K., Svehla, J. et al.:
Mitigation of gaseous mercury emissions from
waste-to-energy facilities: Homogeneous and
heterogeneous Hg-oxidation pathways in presence
of fly ashes. J. Environ. Manage., 2018, 206, p.
276-283, DOI: 10.1016/j.jenvman.2017.10.039.
Wang, Y.-j., Duang, Y.-f., Yang, L.-g. et al.:
Comparison of mercury removal characteristic
between fabric filter and electrostatic precipitators
of coal-fired power plants. J. Fuel Chem. Technol.,
2008, 36(1), p. 23-29, DOI: 10.1016/S1872-
5813(08)60009-2.

Pestka-Pe¢dziwiatr, B., Legezynski, A.. Novel
method of mercury reduction in flue gases of lignite
fired power plants by dedicated bromine salts
mixture. in 14th International Conference on
Mercury as a Global Pollutant, p. 22-23, 2019,
Krakow, Poland.

Petzold, O.,Sadkowski, S.: Mercury control in
lignite and coal fired power plants by stationary
sorbent modules. in 14th International Conference
on Mercury as a Global Pollutant, p. 12-12, 2019,
Krakow, Poland.

Srivastava, R., Lee, C. W., Ghorishi, B. et al.:
Evaluation of SCR catalysts for combined control of
NOx and mercury. in Final Techincal Report-ICCl,
p. 1-2,

Zhao, L., He, Q.-s., Li, L. et al.: Research on the
catalytic oxidation of Hg0 by modified SCR
catalysts. J. Fuel Chem. Technol., 2015, 43(5), p.
628-634, DOI: 10.1016/S1872-5813(15)30018-9.
Zhao, L., Li, C., Zhang, X. et al.: A review on
oxidation of elemental mercury from coal-fired flue
gas with selective catalytic reduction catalysts.


http://www.vivis.de/phocadownload/Download/2018_wm/2018_wm_575-590_vosteen.pdf
http://www.vivis.de/phocadownload/Download/2018_wm/2018_wm_575-590_vosteen.pdf

PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Catal. Sci. Technol., 2015, 5(7), p. 3459-3472, DOI:
10.1039/C5CY00219B.

Gao, Y., Zhang, Z., Wu, J. et al.: A Critical Review
on the Heterogeneous Catalytic Oxidation of
Elemental Mercury in Flue Gases. Environ. Sci.
Technol., 2013, 47(19), p. 10813-10823, DOI:
10.1021/es402495h.

Zhang, W., Rezaee, M., Bhagavatula, A. et al.: A
Review of the Occurrence and Promising Recovery
Methods of Rare Earth Elements from Coal and
Coal By-Products. Int. J. Coal Prep. Util., 2015,
35(6), . 295-330, DOl:
10.1080/19392699.2015.1033097.

Rubel, A. M., Hower, J. C., Mardon, S. M. et al.:
Thermal stability of mercury captured by ash. Fuel,
2006, 85(17), p. 2509-2515, DOl:
10.1016/j.fuel.2006.05.007.

Wang, Y., Shi, L., Chiang, P.-C. et al.: Emission and
Species Distribution of Mercury during Thermal
Treatment of Coal Fly Ash. Aerosol Air Qual. Res.,
20186, 16(7), p. 1701-1712, DOI:
10.4209/aaqr.2016.04.0135.

Zhong, J., Li, F.,Fan, J.: Thermal Stability and
Adsorption of Mercury Compounds in Fly Ash.
Open Fuels Energy Sci. J., 2016, 9(1), p. 114-125,
DOI: 10.2174/1876973X01609010114.

Baldrey, K. E., Sjostrom, S. J.,Ellison, K. M.:
Options to Stabilize and Utilize Tomorrow's Fly
Ash : Approaches and Initial Results. in World of
Coal Ash (WOCA), May 5-7, 2015, Nashville, TN
USA.

Dahlawi, S. M.,Siddiqui, S.: Calcium polysulphide,
its applications and emerging risk of environmental
pollution—a review article. Environ. Sci. Pollut.
Res., 2017, 24(1), p. 92-102, DOI: 10.1007/s11356-
016-7842-3.

Fuhrmann, M., Melamed, D., Kalb, P. D. et al.:
Sulfur Polymer Solidification/Stabilization of
elemental mercury waste. Waste Manage. (Oxford),
2002, 22(3), p. 327-333, DOI: 10.1016/S0956-
053X(01)00057-5.

Parker, D. J., Jones, H. A., Petcher, S. et al.: Low
cost and renewable sulfur-polymers by inverse
vulcanisation, and their potential for mercury
capture. J. Mater. Chem. A, 2017, 5(23), p. 11682-
11692, DOI: 10.1039/C6TA09862B.

Bower, J., Savage, K. S., Weinman, B. et al.:
Immobilization of mercury by pyrite (FeS2).
Environ. Pollut., 2008, 156(2), p. 504-514, DOI:
10.1016/j.envpol.2008.01.011.

Svensson, M., Allard, B.,Diiker, A.: Formation of
HgS—mixing HgO or elemental Hg with S, FeS or
FeS2. Sci. Total Environ., 2006, 368(1), p. 418-423,
DOI: 10.1016/j.scitotenv.2005.09.040.

Li, H., Zhang, M., Zhu, L. et al.: Stability of mercury
on a novel mineral sulfide sorbent used for efficient
mercury removal from coal combustion flue gas.
Environ. Sci. Pollut. Res., 2018, 25(28), p. 28583-
28593, DOI: 10.1007/s11356-018-2896-z.

63

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Ting, Y.Hsi, H.-C.: Iron Sulfide Minerals as
Potential Active Capping Materials for Mercury-
Contaminated  Sediment  Remediation: A
Minireview. Sustainability, 2019, 11(6), p. 1747-
1747, DOI: 10.3390/5u11061747.

Jay, J. A., Morel, F. M. M.,Hemond, H. F.: Mercury
Speciation in the Presence of Polysulfides. Environ.
Sci. Technol., 2000, 34(11), p. 2196-2200, DOI:
10.1021/es9911115.

Liu, H., Chang, L., Liu, W. et al.: Advances in
mercury removal from coal-fired flue gas by
mineral adsorbents. Chem. Eng. J., 2020, 379, DOI:
10.1016/j.cej.2019.122263.

Wu, J., Cao, Y., Pan, W. et al.: Coal-Fired-Derived
Flue Gas Mercury Measurement. in Coal Fired
Flue Gas Mercury Emission Controls, J. Wu, et al.,
Editors, 2015, Springer, Berlin, Heidelberg, p. 31-
53.

Durante, V.: A Novel Technology to Immobilize
Mercury from Flue Gases, Paper 232. in
Proceedings: The Mega Symposium-May, p. 19-22,
2003.

Hartuti, S., Kambara, S., Takeyama, A. et al.:
Chemical Stabilization of Coal Fly Ash for
Simultaneous Suppressing of As, B, and Se
Leaching. in Coal Fly Ash Beneficiation: Treatment
of Acid Mine Drainage with Coal Fly Ash, 2018, p.
29-29, ISBN: 9535137522, DOI:
10.5772/intechopen.72135

Clever, H. L., Johnson, S. A.,Derrick, M. E.: The
solubility of mercury and some sparingly soluble
mercury salts in water and aqueous electrolyte
solutions. J. Phys. Chem. Ref. Data, 1985, 14(3), p.
631-680.

Barin, I. P. G.: Thermochemical data of pure
substances. 3. ed, 1995, Weinheim, New York,
USA, VCH.

Berry, M., Dombrowski, K., Richardson, C. et al.:
Mercury control evaluation of calcium bromide
injection into a PRB-fired furnace with an SCR. in
Proceedings of the Air Quality VI Conference, Sept.
24 - 27, 2007, Crystal Gateway Marriott,
Arlington/Washington DC, USA.

Ruzovi¢, T., Svoboda, K., Leitner, J. et al.:
Thermodynamic possibilities of flue gas dry
desulfurization, de-HCI, removal of mercury, and
zinc compounds in a system with Na2CO3,
Ca(OH)2, sulfur, and HBr addition. Chem. Pap.,
2020, 74(3), p. 951-962, DOI: 10.1007/s11696-
019-00930-7.

Korell, J., Paur, H.-R., Seifert, H. et al.:
Simultaneous Removal of Mercury, PCDD/F, and
Fine Particles from Flue Gas. Environ. Sci.
Technol., 2009, 43(21), p. 8308-8314, DOI:
10.1021/es901289g.

Korell, J., Seifert, H., Paur, H. R. et al.: Flue Gas
Cleaning with the MercOx Process. Chemical
Engineering & Technology, 2003, 26(7), p. 737-
740, DOI: 10.1002/ceat.200303027.



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Blue, L. Y., Van Aelstyn, M. A., Matlock, M. et al.:
Low-level mercury removal from groundwater
using a synthetic chelating ligand. Water Res.,
2008, 42(8), p. 2025-2028, DOI:
10.1016/j.watres.2007.12.010.

Kyte, W. S., Bettelheim, J., Nicholson, N. E. et al.:
Selective absorption of hydrogen chloride from flue
gases in the presence of sulfur dioxide. Environ.

Prog.,, 1984, 3(3), p. 183-187, DOI:
10.1002/ep.670030308.
Ma, Y., Xu, H., Qu, Z. et al.:. Absorption

characteristics of elemental mercury in mercury
chloride solutions. J. Environ. Sci., 2014, 26(11), p.
2257-2265, DOI: 10.1016/j.jes.2014.09.011.

Ma, Y., Qu, Z.,, Xu, H. et al.: Investigation on
mercury removal method from flue gas in the
presence of sulfur dioxide. J. Hazard. Mater., 2014,
279, p. 289-295, DOI:
10.1016/j.jhazmat.2014.07.012.

Szulc, P., Tietze, T.,Smykowski, D.: The impact of
the condensation process on the degree of cleaning
of flue gases from acidic compounds. E3S Web
Conf., 2018, 46.

Levy, E., Bilirgen, H., Charles, J. et al.: Use of
Condensing Heat Exchangers in Coal-Fired Power
Plants to Recover Flue Gas Moisture and Capture
Air Toxics. in ASME 2013 Power Conference,
2013.

Niksa, S.,Fujiwara, N.: The Impact of Wet Flue Gas
Desulfurization Scrubbing on Mercury Emissions
from Coal-Fired Power Stations. J. Air Waste
Manage. Assoc., 2005, 55(7), p. 970-977, DOI.
10.1080/10473289.2005.10464689.

Buryan, P.: Tvorba pény v absorbéru pii mokrém
zpusobu odsiteni spalin. Chem. Listy, 2021, 115(3),
p. 145-150.

Qin, S., Hansen, B. B.,Kiil, S.: Effects of foaming
and antifoaming agents on the performance of a wet
flue gas desulfurization pilot plant. AIChE J., 2014,
60(7), p. 2382-2388, DOI: 10.1002/aic.14428.
Alvarez-Ayuso, E., Querol, X.Tomés, A.:
Environmental impact of a coal combustion-
desulphurisation plant: Abatement capacity of
desulphurisation process and environmental
characterisation of combustion by-products.
Chemosphere, 2006, 65(11), p. 2009-2017, DOI:
10.1016/j.chemosphere.2006.06.070.

Poullikkas, A.: Review of Design, Operating, and
Financial ~ Considerations in  Flue  Gas
Desulfurization Systems. Energy Technology &
Policy, 2015, 2(1), p. 92-103, DOI:
10.1080/23317000.2015.1064794.

Yao, S., Cheng, S., Li, J. et al.: Effect of wet flue gas
desulfurization (WFGD) on fine particle (PM2.5)
emission from coal-fired boilers. J. Environ. Sci.,
2019, 77, p. 32-42, DOI: 10.1016/j.jes.2018.05.005.
Zhou, L., Liu, Y., Luo, L. et al.: Improving the
removal of fine particles by chemical
agglomeration during the limestone-gypsum wet

64

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

flue gas desulfurization process. J. Environ. Sci.,
2019, 80, p. 35-44, DOI: 10.1016/j.jes.2018.07.013.
Schiitze, J., Schilling, U., Hilbert, L. et al.:
Quecksilber-Abscheidung am  Beispiel  des
Kraftwerkes Lippendorf. in VGB PowerTech 12,
2013, p. 81-87.

Heidel, B.: Wechselwirkungen bei der Abscheidung
von Schwefeldioxid und Quecksilber durch nasse
Rauchgasentschwefelungsanlagen. Ph.D.
Dissertation, in Fakultét Energie-, Verfahrens- und
Biotechnik, 2015, Universitdt Stuttgart, Stuttgart,
Germany.

Heidel, B.Klein, B.: Reemission of elemental
mercury and mercury halides in wet flue gas
desulfurization. Int. J. Coal Geol., 2017, 170, p. 28-
34, DOI: 10.1016/j.coal.2016.09.003.

Masoomi, I., Heidel, B., Schmid, M. O. et al.: Effect
of additives on mercury partitioning in wet-
limestone flue-gas desulfurization. Clean Energy,
2020, 4(2), p. 132-141, DOI: 10.1093/ce/zkaa005.
Wang, Q., Liu, Y.,Wu, Z.: Laboratory Study on
Mercury Release of the Gypsum from the Mercury
Coremoval Wet Flue Gas Desulfurization System
with Additives. Energy Fuels, 2018, 32(2), p. 1005-
1011, DOI: 10.1021/acs.energyfuels.7b02088.
Yahikozawa, K., Aratani, T., Ito, R. et al.: Kinetic
Studies on the Lime Sulfurated Solution (Calcium
Polysulfide) Process for Removal of Heavy Metals
from Wastewater. Bull. Chem. Soc. Jpn., 1978,
51(2), p. 613-617, DOI: 10.1246/bcsj.51.613.
Krzyzynska, R., Szeliga, Z., Pilar, L. et al.: High
mercury emission (both forms: Hg0 and Hg2+)
from the wet scrubber in a full-scale lignite-fired
power plant. Fuel, 2020, 270, DOIL:
10.1016/j.fuel.2020.117491.

Takashina, T., Honjo, S., Ukawa, N. et al.: Effect of
Ammonium Concentration on SO2 Absorption in a
Wet Limestone Gypsum FGD Process. J. Chem.
Eng. Jpn., 2002, 35(2), p. 197-204, DOI:
10.1252/jcej.35.197.

Wypior, T.,Krzyzynska, R.: Effect of ammonia and
ammonium compounds on wet-limestone flue gas
desulfurization process from a coal-based power
plant — Preliminary industrial scale study. Fuel,
2020, 281, p. 118564-118564, DOI:
10.1016/j.fuel.2020.118564.

Ozyuguran, A., Altun-Ciftcioglu, G., Karatepe N. et
al.: Effect of Magnesium Salts on the Sulphation
Capacity of Limestone Slurry. J. Environ. Sci.
Health., Part A, 2006, 41(9), p. 1955-1965, DOI:
10.1080/10934520600779257.

Frandsen, J. B. W., Kiil, S.Johnsson, J. E.:
Optimisation of a wet FGD pilot plant using fine
limestone and organic acids. Chem. Eng. Sci., 2001,

56(10), p. 3275-3287, DOI: 10.1016/S0009-
2509(01)00010-0.
Buchardt, C. N., Johnsson, J. E.Kiil, S.:

Experimental investigation of the degradation rate
of adipic acid in wet flue gas desulphurisation



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

plants. Fuel, 2006, 85(5), p. 725-735, DOI:
10.1016/j.fuel.2005.08.021.

Heidel, B., Hilber, M.,Scheffknecht, G.: Impact of
additives for enhanced sulfur dioxide removal on
re-emissions of mercury in wet flue gas
desulfurization. Appl. Energy, 2014, 114, p. 485-
491, DOI: 10.1016/j.apenergy.2013.09.059.

Rallo, M., Lopez-Anton, M. A., Perry, R. et al.;
Mercury in flue gas desulfurization gypsum from
coal combustion processes. in Gypsum: properties,
production and applications, 2011, Nova Science
Pub. Inc., p. 91-110.

Kairies, C. L., Schroeder, K. T.,Cardone, C. R.:
Mercury in gypsum produced from flue gas
desulfurization. Fuel, 2006, 85(17), p. 2530-2536,
DOI: 10.1016/j.fuel.2006.04.027.

Sun, M., Cheng, G., Lu, R. et al.: Characterization
of HgO re-emission and Hg2+ leaching potential
from flue gas desulfurization (FGD) gypsum. Fuel
Process. Technol., 2014, 118, p. 28-33, DOI:
10.1016/j.fuproc.2013.08.002.

Sedlar, M., Pavlin, M., Ja¢imovi¢, R. et al.:
Temperature Fractionation (TF) of Hg Compounds
in Gypsum from Wet Flue Gas Desulfurization
System of the Coal Fired Thermal Power Plant
(TPP). Am. J. Anal. Chem., 2015, 06(12), p. 939-
956, DOI: 10.4236/ajac.2015.612090.

Zhu, Z., Zhuo, Y., Fan, Y. et al.: Fate of mercury in
flue gas desulfurization gypsum determined by
Temperature Programmed Decomposition and
Sequential Chemical Extraction. J. Environ. Sci.,
20186, 43, p. 169-176, DOl:
10.1016/j.jes.2015.09.011.

Pohl, A.: Removal of Heavy Metal lons from Water
and Wastewaters by Sulfur-Containing
Precipitation Agents. Water, Air, Soil Pollut., 2020,
231(10), p. 503-503, DOI: 10.1007/s11270-020-
04863-w.

Murthy, Z. V. P.,Parmar, S.: Electrocoagulative
treatment of mercury containing aqueous solutions.
Water Sci. Technol., 2012, 65(8), p. 1468-1474,
DOI: 10.2166/wst.2012.036.

Tegladza, I. D., Xu, Q. Xu, K. et al:
Electrocoagulation processes: A general review
about role of electro-generated flocs in pollutant
removal. Process Saf. Environ. Prot., 2021, 146, p.
169-189, DOI: 10.1016/j.psep.2020.08.048.
Zhang, H., Shang, Z., Zhou, C. et al:
Electrocoagulation Treatment of Wet Flue-Gas
Desulfurization Wastewater Using Iron-Based
Electrodes: Influence of Operating Parameters and
Optimization. Int. J. Electrochem. Sci, 2019, 14, p.
3114-3125.

Cui, L., Li, G., Li, Y. et al.. Electrolysis-
electrodialysis process for removing chloride ion in
wet flue gas desulfurization wastewater (DW):
Influencing factors and energy consumption
analysis. Chem. Eng. Res. Des., 2017, 123, p. 240-
247, DOI: 10.1016/j.cherd.2017.05.016.

65

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Puncochéaf, M., Stanovsky, P., éyc, M. et al.:
Zplusob izolace rtuti z roztoku a zafizeni k
provadeéni tohoto zpisobu (Process for isolating
mercury from a solution and apparatus for carrying
out the process). PCT Int. Appl. Czech Patent
308148, 2019.

Qasem, N. A. A., Mohammed, R. H.,Lawal, D. U.:
Removal of heavy metal ions from wastewater: a
comprehensive and critical review. npj Clean
Water, 2021, 4(1), p. 36-36, DOI: 10.1038/s41545-
021-00127-0.

Yang, J., Wang, Q., Zhou, J. et al.: Electrochemical
removal of gaseous elemental mercury in liquid
phase with a novel foam titanium-based DSA
anode. Sep. Purif. Technol., 2020, 250, p. 117162-
117162, DOI: 10.1016/j.seppur.2020.117162.
Sanchez, F., Kosson, D., Keeney, R. et al.:
Characterization of coal combustion residues from
electric utilities using wet scrubbers for multi-
pollutant control. 2008, EPA-600/R-08/077,
Koralegedara, N. H., Al-Abed, S. R., Arambewela,
M. K. J. et al.: Impact of leaching conditions on
constituents release from Flue Gas Desulfurization
Gypsum (FGDG) and FGDG-soil mixture. J.
Hazard. Mater., 2017, 324, p. 83-93, DOI:
10.1016/j.jhazmat.2016.01.019.

Cheng, L., Lee, J. Y., Keener, T. et al.: Wastewater
treatment for wet flue gas desulfurization systems
in coal-fired power plants. Air and Waste Manag.
Assoc., 2011, p. 16-19.

Pudasainee, D., Kim, J.-H., Yoon, Y.-S. et al.:
Oxidation, reemission and mass distribution of
mercury in bituminous coal-fired power plants with
SCR, CS-ESP and wet FGD. Fuel, 2012, 93, p. 312-
318, DOI: 10.1016/j.fuel.2011.10.012.

Xiong, X., Liu, X., Yu, I. K. M. et al.: Potentially
toxic elements in solid waste streams: Fate and
management approaches. Environ. Pollut., 2019,
253, p. 680-707, DOI:
10.1016/j.envpol.2019.07.012.

Wu, H., Sun, J., Zhou, C. et al.: Effect of additives
on stabilization and inhibition of mercury re-
emission in simulated desulphurization slurry. Int.
J. Environ. Sci. Technol., 2019, 16(12), p. 7705-
7714, DOI: 10.1007/s13762-019-02301-x.

Chen, Y., Yasin, A., Zhang, Y. et al.: Preparation
and Modification of Biomass-Based Functional
Rubbers for Removing Mercury(ll) from Aqueous
Solution.  Materials, 2020, 13(3), DOIL:
10.3390/mal3030632.

Svoboda, K., Ruzovi¢, T., Pohotely, M. et al.:
Odstraniovani rtuti z kyselych roztokd chloride
rtutnatého sorbenty pfipravenymi katalyzovanou
vulkanizaci rostlinnych oleji (Removal of mercury
from acidic solutions of mercury chloride by means
of sorbents prepared by catalyzed vulcanization of
vegetable oils). Chem. Listy, 2022, Submitted.
Czarna, D., Baran, P., Kunecki, P. et al.: Synthetic
zeolites as potential sorbents of mercury from



PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

wastewater occurring during wet FGD processes of
flue gas. J. Cleaner Prod., 2018, 172, p. 2636-2645,
DOI: 10.1016/j.jclepro.2017.11.147.

Kim, E.-A., Seyfferth, A. L., Fendorf, S. et al.:
Immobilization of Hg(I1) in water with polysulfide-
rubber (PSR) polymer-coated activated carbon.
Water Res., 2011, 45(2), p. 453-460, DOI:
10.1016/j.watres.2010.08.045.

Li, X., Zhang, L., Zhou, D. et al.: Elemental
Mercury Capture from Flue Gas by a Supported
lonic Liquid Phase Adsorbent. Energy Fuels, 2017,
31(2), p. 714-723, DOl:
10.1021/acs.energyfuels.6b01956.

Yang, J., Zhu, W., Qu, W. et al.: Selenium
Functionalized Metal-Organic Framework MIL-
101 for Efficient and Permanent Sequestration of
Mercury. Environ. Sci. Technol., 2019, 53(4), p.
2260-2268, DOI: 10.1021/acs.est.8b06321.

Elliott, P., Hartenstein, H., Riethmann, T. et al.:
Novel mercury control strategy utilizing wet FGD
in power plants burning low chlorine coal. in Air
and Waste Management Association-8th Power
Plant Air Pollutant Control Mega Symposium, p. 1-
15, 2010.

Guo, B., Sasaki, K.Hirajima, T.: Selenite and
selenate uptaken in ettringite: Immobilization
mechanisms, coordination chemistry, and insights
from structure. Cem. Concr. Res., 2017, 100, p.
166-175, DOI: 10.1016/j.cemconres.2017.07.004.
Piekkari, K., Ohenoja, K., Isteri, V. et al.:
Immobilization of heavy metals, selenate, and
sulfate from a hazardous industrial side stream by
using calcium sulfoaluminate-belite cement. J.
Cleaner Prod., 2020, 258, DOI:
10.1016/j.jclepro.2020.120560.

Liu, S., Ye, X., He, K. et al.: Simultaneous removal
of Ni(ll) and fluoride from a real flue gas
desulfurization wastewater by electrocoagulation
using Fe/C/Al electrode. J. Water Reuse Desalin.,
20186, 7(3), p. 288-297, DOI:
10.2166/wrd.2016.010.

Li, R., Zhao, C., Yang, W. et al.: Experimental
Study of Flue Gas Desulfurization Wastewater Zero
Discharge from Coal-fired Power Plant. in
Proceedings of the 2016 International Forum on
Energy, Environment and Sustainable
Development, p. 1000-1005, 2016, Atlantis Press.
Shuangchen, M., Jin, C., Gongda, C. et al.: Research
on desulfurization wastewater evaporation: Present
and future perspectives. Renewable Sustainable
Energy Rev., 2016, 58, p. 1143-1151, DOI:
10.1016/j.rser.2015.12.252.

Hagemann, S.: Technologies for the stabilization of
elemental mercury and mercury-containing wastes.
20009, Gesellschaft flir Anlagen-und
Reaktorsicherheit (GRS), Berlin, Germany,
DE10G2956, ISBN 978-3-939355-27-4.

Renew, J. E., Huang, C.-H., Burns, S. E. et al.:
Immobilization of Heavy Metals by

66

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Solidification/Stabilization of Co-Disposed Flue
Gas Desulfurization Brine and Coal Fly Ash.
Energy Fuels, 2016, 30(6), p. 5042-5051, DOI:
10.1021/acs.energyfuels.6b00321.

The EPA TCLP: Toxicity Characteristic Leaching
Procedure and Characteristic Wastes (D-codes).
Environmental, Health and Safety Online
Guidelines. 2020, Available from:
http://www.EHSO.com.

He, F., Gao, J., Pierce, E. et al.: In situ remediation
technologies for mercury-contaminated  soil.
Environ. Sci. Pollut. Res., 2015, 22(11), p. 8124-
8147, DOI: 10.1007/s11356-015-4316-y.

Cho, J. H, Eom, Y.,Lee, T. Gu.
Stabilization/solidification of mercury-
contaminated waste ash using calcium sodium
phosphate (CNP) and magnesium potassium
phosphate (MKP) processes. J. Hazard. Mater.,
2014, 278, p. 474-482, DOl:
10.1016/j.jhazmat.2014.06.026.

Zhang, S., Zhang, X., Xiong, Y. et al.: Effective
solidification/stabilisation of mercury-
contaminated wastes using zeolites and chemically
bonded phosphate ceramics. Waste Manage. Res.,
2015, 33(2), p. 183-190, DOI:
10.1177/0734242X14563376.

Andritz: Gypsum separation and dewatering (2019).
accessed  2.9. 2020,  Awvailable  from:
http://www.andritz.com.

Vosteen, B., Kanefke, R.,Koser, H.: Bromine-
enhanced mercury abatement from combustion flue
gases - Recent industrial applications and
laboratory research. VGB Power Tech, 2006, 86, p.
70-75.

Buecker, B.: Wet FGD Purge Streams The Bane of
WFGD Technology? Power Eng., 2011, 115(10), p.
46-46.

Gingerich, D. B.,Mauter, M. S.. Flue Gas
Desulfurization Wastewater Composition and
Implications for Regulatory and Treatment Train
Design. Environ. Sci. Technol., 2020, 54(7), p.
3783-3792, DOI: 10.1021/acs.est.9b07433.

Han, X., Liu, M., Yan, J. et al.: Thermodynamic
analysis of an improved flue gas pre-dried lignite-
fired power system integrated with water recovery
and drying exhaust gas recirculation. Drying
Technol., 2020, 38(15), p. 1971-1987, DOI:
10.1080/07373937.2019.1607871.

Zhang, W., Oswal, H., Renew, J. et al.: Removal of
heavy metals by aged zero-valent iron from flue-
gas-desulfurization brine under high salt and
temperature conditions. J. Hazard. Mater., 2019,
373, p. 572-579, DOI:
10.1016/j.jhazmat.2019.03.117.

Laurent, B. H. W. T.: FGD wastewater evaporation
pilot plant at a large power plant. Ultrapure Water,
2017, 1-8, Available from:
https://staticl.squarespace.com/static/599ca85c299
4cab9e2a6416a/t/5a382f1d24a6949ae328b5d6/151



http://www.ehso.com/
http://www.andritz.com/

PALIVA 14 (2022), 1. s. 35-67

Mercury removal in coal-fired power plants, possibilities how to attain
very low emissions and minimization of hazardous waste stream

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

3631520570/FGD_Wastewater Evaporation_Pilot
_Project_ At A _Large Power_Plant.pdf.

Xin, Y., Zhou, Z., Ming, Q. et al.: A two-stage
desalination process for zero liquid discharge of
flue gas desulfurization wastewater by chloride
precipitation. J. Hazard. Mater., 2020, 397, p.
122744-122744, DOI:
10.1016/j.jhazmat.2020.122744.

Carpenter, A.. Water conservation in coal-fired
power plants. 2017, CCC/275, IEA Clean Coal
Centre, London, UK, 978-92-9029-5980-3.

Han, X., Yan, J., Karellas, S. et al.: Water extraction
from high moisture lignite by means of efficient
integration of waste heat and water recovery
technologies with flue gas pre-drying system. Appl.
Therm. Eng., 2017, 110, p. 442-456, DOI:
10.1016/j.applthermaleng.2016.08.178.

Cohen, I., Shapira, B., Avraham, E. et al.: Bromide

lons Specific Removal and Recovery by
Electrochemical Desalination. Environ.  Sci.
Technol., 2018, 52(11), p. 6275-6281, DOI:

10.1021/acs.est.8b00282.

Fang, P., Tang, Z.-j., Chen, X.-b. et al.: Chloride lon
Removal from the Wet Flue Gas Desulfurization
and Denitrification Wastewater Using Friedel’s Salt
Precipitation Method. Journal of Chemistry, 2018,
DOI: 10.1155/2018/5461060.

Mohammadaliha, N., Amani, M.,Bahrami, M.:
Thermal performance of heat and water recovery
systems: Role of condensing heat exchanger
material. Cleaner Engineering and Technology,
2020, 1, DOI: 10.1016/j.clet.2020.100024.

Li, M.-J.,, Tang, S.-Z., Wang, F.-l. et al.: Gas-side
fouling, erosion and corrosion of heat exchangers
for middle/low temperature waste heat utilization:
A review on simulation and experiment. Appl.

Therm. Eng., 2017, 126, p. 737-761, DOI:
10.1016/j.applthermaleng.2017.07.095.
Schlipf, M.,Widmann, K.: HetragonTM:

Chemically resistant heat transfer polygons for gas-
gas heaters in FGD and SCR/SNCR applications. in
VGB PowerTech 5, 2015, p. 80-87.

Li, Z., Jiang, J., Ma, Z. et al.. Influence of flue gas
desulfurization (FGD) installations on emission
characteristics of PM2.5 from coal-fired power
plants equipped with selective catalytic reduction
(SCR). Environ. Pollut., 2017, 230, p. 655-662,
DOI: 10.1016/j.envpol.2017.06.103.

Pan, D., Gu, C., Zhang, D. et al.: Investigation on
the relationship between slurry droplet entrainment
and fine particle emission in the limestone-gypsum
WFGD system. Energy Sources, Part A, 2020,
42(14), p. 1691-1704, DOl:
10.1080/15567036.2019.1604879.

Feng, S., Xiao, L., Ge, Z. et al.: Parameter analysis
of atomized droplets sprayed evaporation in flue gas
flow. Int. J. Heat Mass Transfer, 2019, 129, p. 936-
952,

DOI: 10.1016/j.ijheatmasstransfer.2018.10.023.

67

207.

208.

209.

210.

211.

212.

Fu, J., Hu, N., Yang, Z. et al.: Experimental study
on zero liquid discharge (ZLD) of FGD wastewater
from a coal-fired power plant by flue gas exhausted
heat. Journal of Water Process Engineering, 2018,
26, p. 100-107, DOI: 10.1016/j.jwpe.2018.10.005.
Zhang, W., Oswal, H., Renew, J. E. et al.:
Solidification/stabilization of flue gas
desulfurization brine and coal fly ash for heavy
metals and chloride immobilization: Effects of S/S
conditions and zero-valent-iron pretreatment. J.
Hazard. Mater., 2020, 384, p. 121463-121463,
DOI: 10.1016/j.jhazmat.2019.121463.

Han, X., Zhang, D., Yan, J. et al.. Process
development of flue gas desulphurization
wastewater treatment in coal-fired power plants
towards zero liquid discharge: Energetic, economic
and environmental analyses. J. Cleaner Prod.,

2020, 261, p. 121144-121144, DOI:
10.1016/j.jclepro.2020.121144.
Panagopoulos, A.,Haralambous, K.-J.: Minimal

Liquid Discharge (MLD) and Zero Liquid
Discharge (ZLD) strategies for wastewater
management and resource recovery — Analysis,
challenges and prospects. J. Environ. Chem. Eng.,
2020, 8(5), DOI: 10.1016/j.jece.2020.104418.
Duan, Y. F., Zhuo, Y. Q., Wang, Y. J. et al.:
Mercury Emission and Removal of a 135MW CFB
Utility Boiler. in Proceedings of the 20th
International Conference on Fluidized Bed
Combustion, p. 189-194, 2010, Berlin, Heidelberg.
Huang, T., Duan, Y., Luo, Z. et al.: Influence of Flue
Gas Conditions on Mercury Removal by Activated
Carbon Injection in a Pilot-Scale Circulating
Fluidized Bed Combustion System. Ind. Eng.
Chem. Res., 2019, 58(34), p. 15553-15561, DOI:
10.1021/acs.iecr.9b02982.



