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Abstract Due to the restriction such as the Minamata Convention as well as the IED of the European Commission,

mercury removal from flue gases of coal-fired power plants (CPP) is an increasingly important environmental issue. This

makes this topic very crucial for both the energy industry and scientists. This paper shows how mercury arises from natural

resources, i.e., coals, through their combustion processes in CPP and considers the issue of mercury content in flue gases

and solid-state coal combustion by-products. The main part of this paper presents a review of the solid sorbents available

for elemental mercury control and removal processes, tested on a laboratory scale. The described solutions have a potential

for wider usage in exhaust gas treatment processes in the energy production sector. These solutions represent the latest

developments in the field of elemental mercury removal from gases. The authors present an overview of the wide range of

solid sorbents and their modifications intended to increase affinity for Hg0. Among the presented sorbents are the well-

known activated carbon solutions but also novel modifications to these and other innovative sorbent proposals based on,

e.g., zeolites, biochars, other carbon-based materials, metal-organic frameworks. The paper presents a wide range of

characteristics of the described sorbents, as well as the conditions for the Hg0 removal experiments summarizing the

compendium of novel solid sorbent solutions dedicated to the removal of elemental mercury from gases.
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1 Introduction

Atmospheric mercury pollution from anthropogenic sour-

ces has been one of the key topics of global environmental

concern in recent years. Mercury is dangerous because of

its high chemical and biological activity, toxicity, persis-

tence and volatility, as well as its long-range transporta-

bility. Once released into the environment, it remains

present and is accumulated in living organisms through

food chains, creating many toxic compounds, both inor-

ganic and organic. Due to its highly bio-accumulative

properties, the mercury content in the biosphere of the

earth is constantly increasing. Mercury is known to be third

on the list of substances most dangerous to human health

drawn up by the Agency for Toxic Substances and Disease

Registry (Mahaffey et al. 2012; Lavoie et al. 2013; Zhang

et al. 2016) In general, in the atmosphere mercury com-

prises three major chemical forms. Hg0—gaseous ele-

mental mercury—is the most stable species, representing

about 90% of total atmospheric mercury. Depending on

ambient environmental conditions, its residence time is

estimated to be from as little as a few hours to over a year.

Usually it is several months. Oxidized Hg2? is character-

ized as a form which is highly soluble in water. This is

because this species may be relatively simply incorporated

into droplets. Then, it may be adsorbed onto surfaces via

wet and dry deposition. The residence time is far shorter

than in the case of Hg0. In this case it is from a few hours to

several days, causing a more local environmental impact.

The third mercury species is bonded to solid particles. Hgp

has an approximate residence time of hours to weeks and is

characterized by a greater susceptibility to transportation

over longer distances (Schroeder and Munthe 1998; Lind-

berg et al. 2007; Gustin et al. 2008; Fu et al. 2012).

Nowadays, the main global mercury emission sources are

coal combustion, cement clinker production and primary

production of ferrous and non-ferrous metals (UNEP

2013a). The main fossil fuels contaminated with mercury

are coal, petroleum, natural gas, shale oil and bitumen.

Chemically, these are hydrocarbons, formed as a result of

geological processes, from the remains of organic matter

produced hundreds of millions of years ago (Chmielewski

2004). Despite the fact that world coal production

decreased by 0.6% in 2014 and by a further 2.8% in 2015,

coal combustion processes still provide about 40% of the

world’s electricity (WEC 2016). It is well recognized that

coal is not a clean fuel. During the combustion processes,

numerous pollutants, such as CO2, SOx, NOx, VOCs

(volatile organic compounds) and mercury, are released

into the atmosphere (Chmielewski 2004). This branch of

the energy industry also generates significant amounts of

solid by-products, such as slugs, slug-ash mixtures, fly and

bottom ashes and microspheres, which also contain mer-

cury in their composition and are very harmful to the

earth’s ecosystems (Brown et al. 1999; Dastoor and

Larocque 2004; Presto and Granite 2006; Ahmaruzzaman

2010). Mercury contamination, especially that originating

from energy production processes, still remains a signifi-

cant problem that is not yet fully resolved. New restrictions

in international law, such as the Minamata Convention

(UNEP 2013b) requirements, as well as new BREF/BAT

restrictions from the Industrial Emissions Directive

(European Council 2010), require a significant reduction of

anthropogenic mercury emissions. This forces researchers

in both industry and science to find effective solutions for

mercury control and removal. The main aim of this article

is to present the state of art or latest solutions regarding

mercury removal from gases and explore their potential for

wider application in the energy sector. The authors main

intention is to show many of the latest examples of solid

sorbents applied in removal of elemental mercury from

gases. Sorbents are discussed, taking into account their

origins or sources and their textural properties (properties

that give them a high affinity for mercury), such as specific

surface area, total pore volume, volume of micropores and

average pore diameter. The characteristics of sorbents are

supplemented with information on the conditions under

which mercury removal tests are carried out: sorbent mass,

carrier gas composition, carrier gas temperature, flow rate

and 10% mercury breakthrough time/experiment duration,

as well as efficiency expressed as a percentage and a

description of the mechanisms responsible for mercury

removal. The indicated sorbents and the solutions used to

modify them and increase their affinity for removing ele-

mental mercury, have the potential for wider application.

2 Worldwide sources and emissions of mercury

Mercury sources can be divided into natural and anthro-

pogenic. Natural sources include volcanic activity and

mercury emissions from the oceans. Anthropogenic sour-

ces are mainly emissions from the combustion of fossil

fuels and emissions from the processing of raw materials,

as well as emissions appearing at various stages of the

evolution of mercury-containing products. According to

the 2010 calculations, from 5000 to 8000 Mg of mercury

was emitted globally from natural and anthropogenic

sources. The mercury emissions caused by human activity

amounted to 1960 Mg, accounting for about 30% of all

mercury released into the air. Another 10% came from

natural sources, while 60% was mercury released over the

centuries and accumulated in both soils and oceans. The

highest mercury-emitting sector in the world is artisanal

and small-scale gold mining (ASGM), which is responsible
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for 35%–37% of anthropogenically produced mercury per

year, or approximately 727 Mg. The mercury emissions

from this sector have doubled since 2005. The next most

highly emitting sectors are the energy industry, based on

coal combustion processes, the production of ferrous and

non-ferrous metals and the cement production sector

(UNEP 2011, 2013a; EEA 2016).

3 Cycle of mercury in the energy sector, emissions
and international legal restrictions

Mercury is an element naturally occurring in fossil fuels,

e.g., in coals. Combustion of fossil fuels to obtain energy is

still one of the main factors causing the emission of mer-

cury compounds into the environment, mainly into the

atmosphere. Mercury emitted anthropogenically can travel

thousands of kilometres through air streams, before it is

deposited on the ground by rainfall or through the fall of

solid particles with which the mercury is bonded. In 2010,

coal combustion processes were responsible for 24% of

anthropogenically emitted mercury, i.e., about 475 Mg

globally. The energy sector based on coal was then the

second-largest industrial sector responsible for mercury

emissions (the largest was artisanal and small-scale gold

mining). Most of these processes take place in power plants

and in combined heat and power plants. Emissions from

other sources, such as homes with coal fires, were lower

than expected in the previous global assessment of 2005

(UNEP 2013a). Currently, the demand of the energy sector

for coal has slightly decreased, especially in European

countries, and 2016 was the second year in a row where a

decline in the demand for coal was recorded. The future of

coal in Europe is more and more associated with such

countries as Poland, Germany or the Czech Republic,

which uses more than half the coal consumed in the

European Union. On the other hand, the demand has

increased in Asian countries. New technologies allowing

the efficiency of energy production to be increased in

relation to the amount of fuel consumed, the use of flue gas

cleaning devices and increasingly restrictive regulations on

the quality of fuels used, have in recent years reduced the

mercury emissions from coal-fired power plants (UNEP

2013a; International Energy Agency 2017). The two-year

decline in demand prior to 2016 was very close to the

record decline in the early 1990s. Global demand for coal

fell by 1.9% in 2016, to reach a level of 5357 Mt. The

reduction was mainly due to low gas prices, a sharp

increase in energy produced from renewable sources and

an increase in the efficiency of combustion processes. In

2016, even the significant increase in coal consumption in

India and some Asian countries was not able to offset huge

declines in the demand for coal in countries with leading

economies. The decrease in demand for coal in the US (for

the third consecutive year) was mainly caused by low gas

prices. In China (also for the third year in a row), the reason

was lower consumption in the industrial and household

sectors, related to the desire to improve air quality. In Great

Britain, there was a reduction by as much as 50%, in this

case the main reason was the recently introduced increased

price for carbon dioxide emissions. The forecasts for 2022

anticipate a decrease in the share of coal in the global

energy mix from 27% to 26%, mainly due to the low

growth dynamics of the demand for this raw material in

relation to other fuels. In 2022, the demand for coal will

probably be concentrated mainly in India and South East

Asia. On the other hand, demand for coal will fall in

Europe, Canada, the United States and China. In these

countries—currently the largest coal consumers—a struc-

tural slow decline is forecast, with some fluctuations

associated with short-term market requirements (Interna-

tional Energy Agency 2017). There is a direct relationship

between the amount of coal burned for the purpose of

obtaining electricity and heat and the emission of mercury

contained in this raw material.

3.1 Mercury in coals

Mercury occurs as an impurity in coals in trace amounts, as

several different species. Most mercury species are related

to sulphide minerals, mostly pyrite. Sometimes, mercury

occurring with pyrite accounts for about 65%–70% of the

total Hg in coal. Mercury is also related to the organic

fraction in coal, as well as to other ash-forming minerals in

coal. The average mercury content in coals varies globally

and achieves values in the range 100 to 480 ppb (Yudovich

and Ketris 2005; Park et al. 2008). According to various

authors, Polish coals are characterized by a slightly dif-

ferent mercury content. For hard and brown coals, this

varies within the range 50 to 450 ppb (Wojnar and Wisz

2006; Olkuski 2007; Burmistrz et al. 2008, 2014). This

means that values are often above the global average.

According to US EPA (2002), in 14 typical coal samples

mined in the United States, the mercury content was from

80 to 220 ppb. The mercury content values are as follows.

For anthracite: Pennsylvania anthracite—180 ppb. For

bituminous coals: Uinta—80 ppb, Raton Mesa—90 ppb,

Eastern Interior—100 ppb, Western Interior—180 ppb and

Appalachian—200 ppb. For sub-bituminous coals: San

Juan River—80 ppb, Hams River—90 ppb, Green River—

90 ppb, Powder River—90 ppb, Southwest Utah—90 ppb

and Wind River—180 ppb. For lignite: Fort Union—130

ppb, Texas and Mississippi—220 ppb. In Yudovich and

Ketris (2005), it was reported that in the United States over

40 Mg of mercury was emitted into the atmosphere annu-

ally, as a consequence of coal combustion.
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China is recognized as the largest coal producer and

consumer, as well as the highest mercury emitter in the

world. By 2007, the coal consumption of the power gen-

eration sector in China increased to 1.49 billion Mg. In

Wang et al. (2010), studies were performed on several

samples from six typical coal-fired power plants across

China. Mercury contents in the analysed coal samples were

as follows: 17 ± 5, 385 ± 113, 35 ± 10, 174 ± 19,

142 ± 38 and 233 ± 12 ppb. Unfortunately, as reported in

Wu et al. (2006); Pirrone et al. (2009), due to lack of

information on Hg emission rates and species profiles from

Chinese utility boilers, the total Hg emissions were esti-

mated, with possible errors of approximately

- 40%*? 70%.

Due to fast growth in both population and the economy,

India is one of the fastest-developing countries in the

world. The demand for energy grows along with rapid

development. India is the third-largest producer of hard

coal, after China and the US. Coal is the main source of

energy in India, and around 70% of the heat and electricity

production in India is from indigenous coals (Mills 2007).

According to the AMAP (Arctic Monitoring and Assess-

ment Programme) inventory of 2008, total coal consump-

tion for India was 404.7 Mt of hard coal (anthracite and

bituminous coal) and 60 Mt of soft coal (lignite and brown

coal). Stationary combustion (all fuels) is by far the largest

sector for mercury emissions in India, amounting to almost

140 Mg annually (AMAP 2008; Sloss 2012). Coals

extracted in India are reported to be more contaminated

with mercury than those of other countries. Based on a

study performed on coal samples from eight Indian power

plants (Kumari 2011), it was reported that the mercury

content varied from 180 to 610 ppb, with a mean of 334

ppb.

According to Wojnar and Wisz (2006), results were

obtained from several power plants in Poland showing the

amounts of mercury introduced via fuels into the com-

bustion processes in power plants (Table 1). The results

show that the amount of mercury associated with lignite is

about three times greater than for hard coal. The amounts

of mercury released annually in Poland through the com-

bustion of lignite and hard coal are 15 and 5 Mg respec-

tively. The amount of mercury emitted into the

environment is greatly affected by the mercury content of

the coal being burned, the chemical composition of the coal

burned (especially sulphur, chlorine, bromine, calcium and

iron content), the boiler type, the processes used for

exhaust gas purification and their effectiveness, mercury

species in the exhaust gas leaving the boiler, the content of

flammable parts (elemental of carbon) in fly ash and the

content of oxidizing components in the exhaust gas (Hall

et al. 1991; Galbreath and Zygarlicke 2000; Gerasimov

2005; Zhang et al. 2008).

3.2 Mercury in coal combustion products

Mercury occurs also in coal combustion products (CCPs).

Group of CCPs include bottom ashes, slags, fly ashes,

bottom sediments and gypsum generated during FGD

processes. CCPs deposited in landfill pose a high risk and

may be a source of mercury re-emission into the environ-

ment (Hassett et al. 1999). Preliminary studies on this were

performed in Heebink and Hassett (2002). The stability of

mercury in CCPs was studied. For this study, six samples

of CCPs with the above-mentioned standard mercury

content, were collected. Significant mercury release

potential into the environment was assumed. The samples

were: two fly ashes originating from the combustion of

Eastern American bituminous coal with a total mercury

content of 0.140 and 0.268 lg/g, two fly ashes from South

African low-quality coal with a total mercury content of

0.638 and 0.555 lg/g, fly ash from Powder River Basin—

sub-bituminous coal blended with petroleum coke with

total mercury content of 0.112 lg/g and PRB sub-bitumi-

nous coal fly ash incorporated into flue gas desulphuriza-

tion material with a total mercury content of 0.736 lg/g. A

100 g sample of each type was prepared, and then air

(purified from mercury) was passed through the sample,

with a flow rate of 1 mL/min. Then, the air was pumped

through a gold-covered quartz trap to collect the released

mercury vapour. Samples were maintained under given

conditions at ambient temperature (about 37 �C) for 90

days (d). The average level of mercury release from the fly

ash samples was 0.030 pg Hg/g CCBs/d. In a power plant

producing around 200,000 Mg of fly ash per year, a max-

imum of 2 g of Hg will be released from ash during the

Table 1 Mercury concentration in Polish coals according to the

Central Laboratory of ‘‘Energopomiar’’ (Wojnar and Wisz 2006)

No. Mercury concentration, ppb (lg/kg)

Coal as received

Hard coal

1 64–100

2 97–141

3 84–120

4 53–92

5 100–105

6 93–132

7 66–109

8 54–124

9 56–90

Bituminous coal

1 172–283

2 117–370
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year. According to Heebink and Hassett (2002) and Hassett

et al. (2004), investigations were developed, the next stage

of which was to analyse the effect of long-term mercury

release from CCPs. The fly ash used for this study came

from the same sources as above, using slightly larger

samples of weight 150 g. This time, the experiment lasted

for 264 d and the gold-covered quartz traps were desorbed

at 500 �C. The mass of released mercury was analysed

using atomic fluorescence. The traps were desorbed several

times, in order to extract all the absorbed mercury. The

final result refers to the total amount of mercury after

desorption of the traps. The results have been revised, and

the amounts of mercury potentially released into the

environment have been defined as of a smaller order than in

the initial tests.

In case of CCPs in Poland, the mercury content was

determined at similar levels as those reported in Wojnar

and Wisz (2006) (Table 2). The values in the table below

are from samples taken from several power plants in

Poland. Considering the mercury content of the CCP, the

presented results show that mercury is concentrated mainly

in fly ash, where its density is many times higher than in

the case of furnace slags.

On the basis of the obtained results for the mercury

content of coals and CCPs, Wojnar and Wisz (2006)

attempted to estimate the amount of mercury released

during combustion processes. The emission value was

obtained by subtraction of the amount of mercury con-

tained in furnace wastes (in the dry state) from the amount

of mercury which was delivered to the process by the coal

(under working conditions). The ash content in the coal and

the flammable parts of furnace wastes were taken into

account in the calculations. The results are presented in the

table below (Table 3). Differences in the mercury content

of individual components result from different carbon

sources and variable ash content (the higher the ash con-

tent, the more mercury is present). Different degrees of

mercury emission may result from different types of fur-

nace (pulverized boiler, fluidized bed boiler, grate boiler,

etc.) and boiler equipment with different protective

installations, such as dedusting systems (electrostatic pre-

cipitator, bag filter) and desulphurization installations in

the exhaust gas route (Table 3).

3.3 Mercury species and their amounts

and transformations in flue gases

Coal combustion in the energy sector is a complex process.

During coal combustion there are many reactions leading

to the decomposition and transformation of mercury-con-

taining compounds. Mercury occurs in the flue gas via a

number of thermochemical reactions. Essentially, it is

transformed and released in three major forms. The first

form is the vapour-phase elemental form, Hg0. Some of the

mercury may be in the form of the oxidized vapour-phase

Hg2?, produced via homogeneous (gas–gas) or heteroge-

neous (gas–solid) reactions. This form occurs primarily as

HgCl2. Mercury may also be bonded in a particulate matter

phase—Hgp (Gale et al. 2008; Lopez-Anton et al. 2010;

Wang et al. 2010). Oxidized mercury (Hg2?) is a water-

soluble form and, along with particle-bonded Hgp, may be

captured by fabric filters, wet and dry flue gas desulphur-

ization (FGD), selective catalytic reduction (SCR) or cold

and hot electrostatic precipitators (ESP). These technolo-

gies are classified as conventional air pollution control

devices (APCDs). Unfortunately, the elemental form of

mercury is insoluble in water and very difficult to capture

using APCD systems. Most of this species is released into

the environment along with the flue gas (Galbreath and

Zygarlicke 2000; Yang et al. 2007; Chen et al. 2008;

Chmielniak et al. 2010; Wang et al. 2010).

As reported in Senior et al. (2000) and Gale et al.

(2008), almost the entire coal mercury content is released

into the flue gas in the elemental form during combustion

over 1000 �C. This is the only stable form of mercury

found in flue gas at temperatures above 600–700 �C. When

the combustion temperature decreases to approximately

540 �C, some Hg0 is oxidized to Hg2?. This process is a

result of the interaction of mercury with active components

of flue gas, mainly with atomic Cl from HCl, Cl2 or HOCl.

The process of Hg0 oxidation is controlled by atomic Cl

cycling, which has been identified as the main mercury

transformation mechanism (Niksa et al. 2001). This pro-

cess, which includes homogeneous and heterogeneous

Table 2 Comparison of distributions of mercury contents in Polish

CCPs (Wojnar and Wisz 2006)

No. Mercury concentration, ppb (lg/kg)

Slag in a dry state Fly ash in dry state

Hard coal

1 9–16 126–265

2 6–10 445–1000

3 2–5 372–468

4 2–11 187–476

5 4–5 374–486

6 2–5 224–229

7 5–17 318–554

8 4–11 229–539

9 13–30 378–710

Bituminous coal

10 14–28 538–1377

11 26–89 125–521
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reactions, is driven by the thermodynamic equilibrium but

restricted by reaction kinetics (Widmer et al. 2000).

Moreover, the oxidation rate is higher when the chlorine

concentration in flue gas is elevated and the total mercury

amount is lower (Zhang et al. 2013). The presence of NOx

and SOx in flue gas negatively affects the oxidation pro-

cess. At temperatures above 400 �C and in the presence of

chlorine, a portion of the elemental mercury is oxidized to

the gaseous form, HgCl2. At low temperatures (100–300

�C), heterogeneous reactions on the fly ash surface start to

play a more dominant role. Heterogeneous processes are

responsible for the Hg0 oxidation rate, as well as for the

contribution of Hg2? adsorption on fly ash particles. The

result is the formation of Hgp. During combustion pro-

cesses at temperatures below 200 �C, mercury begins to be

released, regardless of the form in which it occurs in the

coal (Galbreath and Zygarlicke 2000; Pavlish et al. 2003;

Sterling et al. 2004). In Bhardwaj et al. (2009), it was found

that the specific surface area (SSA), loss on ignition (LOI)

and average particle size, positively correlated with both

the Hg0 oxidation and the Hg2? adsorption. In addition, the

significant influence of inorganic components such as CuO,

TiO2 or Fe2O3 should be mentioned. According to Dunham

et al. (2003) and Norton et al. (2003), these substances have

a significant impact on mercury oxidation and adsorption

processes. When the amount of mercury in the flue gas

varies at low levels and other exhaust components do not

have a negative effect, it is possible to remove the majority

of mercury species simultaneously with other flue gas

cleaning processes. These processes include the removal of

nitrogen oxides, sulphur oxides and dust. These are the so-

called passive mercury removal methods. In these cases,

the mercury removal efficiency depends mainly on the

mercury species and the ratio of Hg0 to Hg2?, which varies

in the range 90:10–20:80. In addition, the temperature of

the fumes and the efficiency of operation of individual

exhaust purification nodes, influence the efficiency of

mercury removal (Prestbo and Bloom 1995; Bujny et al.

2012). When the mercury content in the exhaust gases is

high and the composition of the exhaust gases is unfa-

vourable (characterized by a low content of chlorine, bro-

mine and iron and a high calcium content), it is necessary

to introduce additional technologies for mercury gas

purification, i.e., the so-called active methods (Srogi 2007;

Pavlish et al. 2010).

3.4 Mercury emission into the environment

Estimates indicate that in 2005, around 1930 Mg of mer-

cury was emitted from anthropogenic sources on a global

scale, of which 45% were emissions from coal combustion,

30% from gold production, 9% from metallurgy, 7% from

cement plants, 6% from waste incineration plants and 3%

from the production of chlorine and alkalis and from cre-

matoria (Burmistrz et al. 2014). In UNEP (2013a), more

accurate data are provided on mercury emission, for 2010.

The industries in which mercury is used deliberately are

recognized as the largest mercury emitters among anthro-

pogenic sources. They were responsible for around 44% of

total mercury emissions. Among these, the most important

Table 3 Mercury concentration during coal combustion processes (Wojnar and Wisz 2006)

No. Material Ash content in

dry state

Combustible parts

in dry state

Mercury content Mercury

emission (ppb)

Percent of emitted

mercury (%)
As received

(ppb)

Dry state

(ppb)

As received of

coal (lg/kg)

1 Coal 6.4 – 226.5 – – 204.21 90.16

Ash – 0.34 – 452 21.07

Slag – 52.85 – 45 0.59

2 Coal 19.7 – 90.0 – – 37.89

Ash – 2.47 – 378 55.13

Slag – 2.52 – 30 0.77

3 Coal 11.3 – 64.0 – – 50.36 78.69

Ash – 1.35 – 162 13.40

Slag – 2.84 – 16 0.24

4 Coal 12.2 – 47.0 – – 20.47 43.55

Ash – 0.96 – 297 26.43

Slag – 3.96 – 6 0.10

5 Coal 18.0 – 183.0 – – 105.33 57.55

Ash – 3.59 – 574 77.30

Slag – 14.00 – 14 0.37
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sectors are: artisanal and small-scale gold production

(410–1040 Mg, accounts for 37%), consumer product

wastes (23.7–330 Mg, accounts for 5%), the chlor-alkali

industry (10.2–54.7 Mg, accounts for 1%) and cremation

and dental amalgam (0.9–11.9 Mg, accounts for \ 1%).

Another huge industry responsible for significant mercury

emissions into the environment, is the energy industry,

involving combustion of fossil fuels (25% of total mercury

emissions), with particular emphasis on coal combustion

processes (304–678 Mg, accounts for 24%) and gas and oil

combustion processes (4.5–16.3 Mg, accounts for 1%).

Another industry responsible for high mercury emissions is

the mining, metallurgy and metal production industry

(around 34% of total mercury emissions). The sectors are:

primary production of ferrous metals (20–241 Mg,

accounts for 2%), primary production of non-ferrous met-

als (82–660 Mg, accounts for 10%), large-scale gold pro-

duction (0.7–247 Mg, accounts for 5%), mine production

of mercury (6.9–17.8 Mg, accounts for\ 1%) and cement

production (65.5–646 Mg, accounts for 9%). In addition,

oil refining (7.3–26.4 Mg, accounts for 1%) and contami-

nated sites (70–95 Mg, accounts for 4%) have a significant

effect on total global mercury emissions. In UNEP (2013a),

sectors are also indicated for which the amount of mercury

emitted is not currently quantified but may be significant.

These sectors are: biofuel production and combustion,

vinyl chloride monomer production, emissions during

secondary metals and ferro-alloys production, oil and gas

extraction, transport and processing other than refinery

emissions, industrial hazardous waste incineration and

disposal, sewage sludge incineration, preparation of dental

amalgam fillings and disposal of removed fillings con-

taining mercury.

Table 4 below shows mercury emissions changes at the

scale of selected European countries, compared to 1990,

which is treated as 100%. In the vast majority of countries,

mercury emissions into the environment have been sig-

nificantly reduced. At the scale of the whole of Europe,

mercury emissions decreased by 74.61% between 1990 and

2015. During the 25 analysed years, with the exception of

2010, the year-on-year decline was maintained. The energy

sector of the European Union in 2015 was responsible for

about 42% of anthropogenic mercury emissions (EEA

2016). The phenomenon of decreasing mercury emissions

should be considered very positive, but it is still insufficient

and further technological development is required to

reduce emissions of mercury further and to comply with

new legal restrictions.

3.5 International legal restrictions

As reported in Pirrone et al. (2009), the amount of mercury

in the earth’s biosphere is increasing gradually, mostly due

to the highly bioaccumulative properties of this element. In

order to halt this harmful phenomenon, attempts have been

made to regulate the production, trade, storage and emis-

sion of mercury. To achieve this goal, a number of legal

acts have been passed, starting at the global scale and

ending with national laws. The most important document

with a global range that concerns the problem of mercury is

the Minamata Convention (UNEP 2013b). The Minamata

Convention imposes restrictions on mercury extraction,

trade, use in products and industrial processes and emission

to the atmosphere, water and soils, and regulates waste

management, methods of storage and remediation of con-

taminated areas. This document was adopted in January

2013 in Geneva and is presently being ratified by other

countries. The Minamata Convention entered into force on

16 August 2017. According to current data, 128 countries

have signed the Minamata Convention. The Polish gov-

ernment representative signed this document on 24th

September 2014, when 71 countries had ratified the con-

vention, five countries were at acceptance level, three

countries were at the approval stage and 23 countries were

at the accession level.

In the European Union, the most important legal docu-

ments (imposing restrictions on mercury emissions) from

the energy industry point of view, are the Council and

European Commission Directives (EU) 98/83/EC (Euro-

pean Commission 1998), in particular Directive (EU)

2010/75/EU of the European Parliament (European Coun-

cil 2010), which was put into practice in 2016 and imposes

new emission standards for SO2, NOx, dusts and heavy

metals, including mercury. In the case of coal-fired sources,

the document imposes an obligation to measure total

emissions of this element annually. In 2017, the Directive

was updated and now aims to introduce very strong

restrictions, particularly for combustion power units where

the main fuels are hard coal and lignite. Directive 2010/75/

EU contains guidelines on the best available techniques

(BAT) (Lecomte et al. 2017), applicable to large combus-

tion plants. In the case of mercury emissions (in exhaust

gases), the standards are set at the following levels for

hard-coal-fired power plants, and they must be observed

until 2021.

(1) 1–3 lg/N m3 for new installations with power up to

300 MWt

(2) 1–9 lg/N m3 for existing installations with power up

to 300 MWt

(3) 1–2 lg/N m3 for new installations with power above

300 MWt

(4) 1–4 lg/N m3 for existing installations with power

above 300 MWt
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In the case of mercury emissions (in exhaust gases), the

standards are set at the following levels for lignite-fired

power plants.

(1) 1–5 lg/N m3 for new installations with power up to

300 MWt

(2) 1–10 lg/N m3 for existing installations with power

up to 300 MWt

(3) 1–4 lg/N m3 for new installations with power above

300 MWt

(4) 1–7 lg/N m3 for existing installations with power

above 300 MWt

In order to comply with the restrictions, further work is

needed to develop techniques for exhaust gas purification.

This paper helps to meet this challenge by presenting the

latest proposals for sorbents capable of capturing elemental

mercury and having the potential to be implemented on a

larger scale.

4 Solid sorbents for mercury removal

One of the potential solutions, representing a direct method

of mercury removal, is the application of solid sorbents in

the flue duct. During the last few decades, scientists have

tested a wide range of materials with promising features for

mercury sorption. It has been found that high adsorption

capability and proper oxidation ability are the two most

essential properties (Zhao et al. 2017). Based on a review

of the merits of mercury sorbents, it can be concluded that

Table 4 Mercury emission changes and trends in European countries, 1990–2015 (EEA 2016)

Country Emission changes in-Index

(1990=100%) up to 2015 (%)

Year Trend in mercury emission in countries

mentioned beside (%)

Austria - 54.57 1990 100

Belgium - 80.94 1991 94.31

Bulgaria - 67.82 1992 87.66

Croatia - 58.44 1993 75.83

Cyprus - 4.95 1994 72.74

Czech Republic - 71.62 1995 70.07

Denmark - 90.63 1996 66.12

Estonia - 53.06 1997 62.37

Finland - 39.75 1998 58.88

France - 86.14 1999 64.58

Germany - 73.90 2000 51.89

Hungary - 64.17 2001 49.18

Iceland 518.36 2002 47.61

Ireland - 56.39 2003 45.78

Italy - 29.43 2004 45.05

Latvia - 72.67 2005 43.43

Lichtenstein 10.07 2006 42.92

Lithuania 11.00 2007 41.53

Luxemburg - 81.23 2008 39.71

Malta - 98.78 2009 28.54

Netherlands - 84.38 2010 28.82

Norway - 83.25 2011 28.00

Poland - 25.40 2012 26.92

Portugal - 45.70 2013 26.06

Romania - 81.40 2014 25.54

Slovakia - 93.98 2015 25.39

Slovenia - 51.35 2016 ND

Spain - 64.30 2017 ND

Sweden - 73.08 2018 ND

Switzerland - 89.96 2019 ND

United Kingdom - 87.29
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the most important groups of sorbents have emerged

recently. These are activated carbons and metal oxides

(Sjostrom et al. 2010; Tan et al. 2012; Gao et al. 2013).

Main justification for selection of sorbents was application

for the purpose of removing mercury from gases confirmed

by literature review, topicality of data and reputation of the

journal where study was published. The most important

and promising solid sorbents from a wider spectrum of

materials are discussed below.

4.1 Activated carbons

Activated carbons (AC) are relatively popular and univer-

sal sorbents. Various methods of AC production and

functionalization for various processes have been widely

discussed in the literature, including the factors that have

the greatest impact on the product obtained, its surface and

textural properties and other properties related to the

removal of elemental mercury. These factors include,

among others, heating speed, maximum process tempera-

ture, pressure, contact time with steam, moisture, etc.

(Manyà 2012; Shewchuk et al. 2016). A tremendous

advantage of AC materials is that they can be obtained

from a wide range of materials which may be either natural

or synthetic, e.g., eucalyptus wood (Silva et al. 2010) or

peat (Khadiran et al. 2015). It is worth mentioning that they

can also be obtained from some industrial waste materials,

e.g., olive-waste cakes (Baçaoui et al. 2001), biomass

materials (Amaya et al. 2007), coir pith (Namasivayam and

Sangeetha 2006), waste coffee (Kemp et al. 2015), peanut

shells (Eldien et al. 2016), rice husks (Le Van and Luong

Thi 2014), the sago industry (Kadirvelu et al. 2004) or tyre-

waste thermolysis char (López et al. 2013). Unfortunately

AC application, especially on a large scale, is limited, due

to high cost or complicated preparation and regeneration

processes (Xu et al. 2012). The properties of a given

activated carbon depend on the physico-chemical charac-

teristics of the precursors and the activation methods used

(physical or chemical). Physical activation consists of

subjecting carbonaceous materials to carbonization pro-

cesses at temperatures ranging from 500 to 900 �C. This

process takes place in an inert atmosphere, followed by

proper activation through the use of substances such as

CO2 or water vapour. In the case of chemical activation,

the raw carbonaceous material is impregnated with chem-

ical compounds such as ZnCl2, H3PO4 or KOH, and then

heated in an inert atmosphere. Chemical activation is the

preferred method, due to the higher efficiency achieved, the

use of lower temperatures, shorter activation times, the

overall simplicity of the mechanisms and the possibility of

obtaining structures with a relatively high specific surface

area. The most important features of active carbons leading

to their wide usability include surface area, bulk density

and chemical characteristics represented by pH, ash content

and conductivity. The developed specific surface area and

the structure of micropores increase the affinity of AC for

mercury removal (Guo and Rockstraw 2007; Demiral et al.

2008; Ahmed and Theydan 2012). Supplementary material

1 presents the characteristics of activated carbons used

recently for elemental mercury removal experiments.

Supplementary material 2 shows the experimental param-

eters, as well as the mechanisms responsible for mercury

capture, as proposed by the cited papers’ authors (ordinal

numbers from the first column refer to the same samples in

both Supplementary material 1 and 2).

In Rodrı́guez-Pérez et al. (2011), the well-known phe-

nomenon of amalgamation of mercury with precious metal

is exploited (Brown et al. 1999). In this case, the metal that

increases the sorbent’s affinity for binding to mercury, is

gold. The phenomenon of the amalgamation of mercury

and gold is well known and has been widely described in

the literature (Fiałkowski et al. 2004; Veiga et al. 2006;

Hou et al. 2015). The starting material is the commercially

available activated carbon Norit RB3. To obtain increased

selectivity and effectiveness in capturing mercury, the

material was impregnated with gold nanoparticles. Two

methods of impregnation were used, for comparison. In the

first case, gold impregnation was carried out in polyvinyl

alcohol (PVA), while the second impregnation environ-

ment was tetrakis (hydroxymethyl) phosphonium chloride

(THPC). THPC-impregnated carbons proved to be more

effective in mercury removal processes, although they were

characterized by very similar retention capacity values.

Different concentrations of gold that functionalized AC for

Hg removal were also analysed and compared (gold drip-

ping: 0.05 wt%, 0.1 wt%, 0.5 wt% and 1 wt%). The acti-

vated sorbents are characterized by a relatively high

specific surface area (ranging from 1139 to 1166 m2/g),

total pore volume and volume of micropores. In the mer-

cury removal experiment, 0.08 g of a given sorbent was

subjected to testing. The carrier gas was a mixture of

oxygen and nitrogen and the flow was set at 0.5 L/min. The

initial concentration of mercury in the carrier gas was set at

100 lg/m3 and the process temperature was 120 �C. The

experiment time was set to 4320 min. Samples obtained

using the PVA method, dropped with 0.05 wt%, 0.1 wt%,

0.5 wt% and 1 wt% of Au, achieved mercury removal

efficiencies of 30%, 70%, 60% and 65% respectively.

Samples obtained using the THPC method, dropped with

0.05 wt%, 0.1 wt%, 0.5 wt% and 1 wt% of Au, achieved

mercury removal efficiencies of 50%, 82%, 67% and 60%

respectively. The sample RB3 THPC0.1 achieved 82%

mercury removal efficiency, which is a very good result,

given the low weight of the sorbent used and the relatively

high initial concentration of elemental mercury in the

carrier gas. The authors point to amalgamations of mercury
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and gold as the main mechanisms for mercury binding in

the sorbent. The disadvantage of the proposed solution is

likely to be the cost of the activating substance—gold

nanoparticles.

In Fan et al. (2010), commercially available activated

carbon (purchased from Jiangsu Sutong Carbon Fiber Co.,

Ltd.) was impregnated with cerium oxide. The amount of

activating substance was in the range 2 wt%–15 wt%. The

obtained sorbents were also characterized by relatively

high values of the specific surface area (from 965.3 to

1589.5 m2/g) and total pore volume (from 0.51 to 0.87 cm3/

g). The average pore diameter varied between 1.3 and 1.9

nm. The above values are arranged almost linearly with a

specific trend—the highest values characterize raw carbon

ACF assets and the lowest ones refer to the sample 15%

CeO2/ACF. This indicates the impact of the impregnation

process on the decrease in the values of textural features. In

the mercury removal experiments, 0.1 g of the obtained

sorbent was used. The carrier gas was a mixture of O2, N2,

NO, CO2 and SO2 and the flow rate was set to 1 L/min. The

experiment was carried out at 150 �C and the test time was

set to 200 min. The initial mercury concentration was set to

20 lg/m3. The obtained sorbents achieved a mercury

removal efficiency in the range of about 60% to 90%. The

highest efficiency of mercury removal (about 90%) was

achieved by the sample 6% CeO2/ACF (with textural

properties of SBET: 1275.4 g/m2, total pore volume: 0.68

cm3/g and average pore diameter: 1.5 nm). Except in the

examination of the loading values effect, (Fan et al. 2010)

also tested the effect of the calcination temperature of the

samples on mercury removal efficiency (at 300, 400 and

500 �C), the effect of temperature on the removal process

(at 90, 120, 150, 180 and 210 �C), the effect of NO content

in the carrier gas (0, 400 and 800 ppm) and the effect of

SO2 content in the carrier gas (0–1000 ppm). Studies

confirm that functionalization with cerium oxides increases

AC affinity for mercury removal by generating multiple

functional groups.

In Wang et al. (2016), functionalization of AC was

performed via the equivalent-volume impregnation

method, using various amounts of Ce(NO3)3�6H2O and

Fe(NO3)3�9H2O. The starting material was purchased from

Inner Mongolia’s Kexing Carbon Co., Ltd. (columnar

granules with a length of 7-9 mm and an average diameter

of 5 mm). In contrast to previous studies, the ACs in this

case are characterized by lower values of the specific sur-

face area (varying from 271.6 to 329.6 m2/g) and total pore

volume (from 0.13 to 0.16 cm3/g). Average pore diameters

reached slightly higher values, compared to their prede-

cessors (from 1.9 to 2.01 nm). In this case, no linear

dependence of the variability of the textural features was

observed with respect to the amount of activating sub-

stances used. For the mercury removal experiments, an

optimized sorbent dose was used (the authors did not give

the exact value in the paper). The gas carrier was a mixture

of N2, NO, SO2 and CO2, and the flow rate was set to 1

L/min. The experiment examining the influence of the

amount of activating substance on the efficiency of ele-

mental mercury removal was carried out at 110 �C, over a

time period of 180 min. The initial mercury concentration

in the gas carrier was set to about 70 lg/m3. The obtained

sorbents achieved a mercury removal efficiency in the

range of about 40% to approximately 90%. The highest

result (89.29%) was obtained by the Fe3Ce3/AC sample,

where the mass ratio of Fe2O3 and CeO2 was 3:3 and the

total mass percentage of Fe–Ce mixed oxides was 6%. In

addition to studying the optimal mass ratio of Fe2O3 and

CeO2 on the Hg0 removal efficiency, the authors also

considered the optimal temperature of the mercury removal

process (50–200 �C). The effect of the content of indi-

vidual carrier gas components, such as O2, NO and SO2,

was also studied. The authors pointed out that the removal

of mercury in this case corresponds to mechanisms related

to adsorption and oxidation. Lattice oxygen, chemisorbed

oxygen and/or weakly bonded oxygen species all make a

contribution to Hg0 oxidation. The use of iron and cerium

oxides seems to be a favourable and reasonable solution,

from an economic point of view.

Another example of the use of cerium compounds for

the modification of activated carbons to increase their

mercury affinity, is given in Wu et al. (2017). Commer-

cially available activated carbon purchased from Shanghai

Xinhui Activated Carbon Co., Ltd. was subjected to func-

tionalization with cerium oxide. In some cases, the func-

tionalization was extended to the use of manganese

compounds. The loading of CeO2 ranged from 1 wt% to 7

wt% (1%, 3%, 5% and 7%), and the mass ratio of man-

ganese to cerium was 0.7. The SBET changed with the

amount of activating substance used. For raw AC it was

673.4 m2/g. For the sample activated with 1% CeO2, the

SBET slightly increased to 687 m2/g. With increasing

amounts of CeO2, e.g., 3 wt%, 5 wt% and 7 wt%, the

specific surface area decreased by 655.1, 629.1 and 606.1

m2/g. A slight decrease was also recorded in the total pore

volume values (from 0.37 to 0.33 cm3/g) and the micropore

volume values (from 0.20 to 0.18 cm3/g). Average pore

diameter was maintained at a stable value of 2.19–2.20 nm.

Analogous trends were observed for samples additionally

modified with manganese. The simultaneous use of cerium

oxide and manganese resulted in further reductions: the

values of SBET decreased (from 676.8 m2/g for the sample

1% CeO2–Mn(0.7)/AC up to 525.9 m2/g for the sample 7%

CeO2–Mn(0.7)/AC), the total pore volume decreased (from

0.37 cm3/g for the sample 1% CeO2–Mn(0.7)/AC up to

0.28 cm3/g for the sample 7% CeO2–Mn(0.7)/AC) and the

micropore volume decreased (from 0.20 cm3/g for the
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sample 1% CeO2–Mn(0.7)/AC up to 0.15 cm3/g for the

sample 7% CeO2–Mn(0.7)/AC). The average pore diameter

decreased from 2.20 nm for the sample 1% CeO2–Mn(0.7)/

AC to 2.17 nm for the sample 7% CeO2–Mn(0.7)/AC. In

the mercury removal experiments, 0.1 g of a given sorbent

and 1 g of quartz sand were used. The medium for mercury

was an artificially produced gas corresponding to the

conditions of the real flue gas. The flow rate was set to 1.5

L/min, while the temperature of the process was 119.85 �C.

The initial mercury concentration was 40 lg/m3 and the

time of the experiment was set to 180 min. Only samples

after functionalization were subjected to mercury removal

tests. The mercury removal efficiency varied between 52%

and 90%, with the highest result being achieved by the

sample 3% CeO2–Mn(0.7)/AC. The mechanism of mercury

capture was bonding in the presence of CeO2 and MnOx,

where Ce4? and Mn4? released lattice oxygen and pro-

moted Hg0 oxidation.

Manganese and cerium were also used in Xie et al.

(2015). AC purchased from Inner Mongolia’s Kexing

Carbon Co., Ltd., was functionalized. The mass ratio of

Mn:Ce was set to 1:1 in all the samples. Moreover, Mn-Ce

mixed oxides in the MnCe/AC samples were at levels of 2

wt%, 4 wt%, 6 wt%, 8 wt% and 10 wt%, denoted MnCex/

AC, where x represents the MnCe percentage of the sam-

ple. For comparison, AC was also separately exposed to

manganese and cerium activation. The impregnation

method was applied for the functionalization of activated

carbons. The raw AC was characterized with an SBET value

of 366 m2/g, a total pore volume of 0.17 cm3/g and an

average pore diameter of 1.86 nm. Most of the samples had

better textural properties after functionalization, compared

with raw AC, with the exception of the last sample with the

activating substance with highest saturation—MnCe10/AC

(which was the opposite of the previous cases). At the same

time, a trend of decreasing values of textural properties

with increasing amounts of activating substances, was

reported. This is probably due to blockage of the pores. The

highest value of SBET was achieved by the sample MnCe2/

AC, at 468.4 m2/g. The total pore volume and average pore

diameter for this sample were 0.22 cm3/g and 1.88 nm

respectively. The weakest result in terms of textural

properties was for the sample MnCe10/AC, where the SBET

was 280.1 m2/g while the total pore volume and average

pore diameter values were 0.13 cm3/g and 1.89 nm

respectively. In the mercury removal experiments, 18 g of a

given sorbent sample was used. The gas carrier was a

mixture of N2 and O2 and the gas flow was set to 1 L/min.

The temperature of the removal process was 190 �C and the

initial Hg0 concentration was set to 80 lg/m3. The exper-

iment time was set to 180 min. With the exception of raw

AC (52%), very promising results for mercury removal

efficiency were achieved. The next samples, i.e., MnCe2/4/

6/8/10/AC, achieved 89%, 92%, 93%, 91% and 90% effi-

ciency respectively. However, it is necessary to bear in

mind the much larger mass of sorbent used, compared to

previous studies. In Xie et al. (2015), the effect of varying

the temperature of mercury removal processes on the

mercury removal efficiency was examined by conducting

tests in the temperature range from 100 to 250 �C. The

influence of the content of individual carrier gas compo-

nents, such as O2, SO2, NO and H2O, was also studied.

Among the mechanisms responsible for the removal of

mercury, the authors indicated a combination of adsorption

and oxidation, and both the lattice oxygen and the OH

groups in MnCe6/AC contributed to Hg0 oxidation.

The last example of the use of activated carbons to

remove Hg0 is Chen et al. (2018b), in which commercially

available AC purchased from Gongyi Zhongya Purifying

Water Materials Co., Ltd., was activated with cobalt and

cerium compounds. For modification, the impregnation

method with cobalt nitrate (Co(NO3)2�6H2O) and

M(NO3)x�yH2O was used (M = cerium). The analysed ACs

had much lower (in comparison to their precursors) values

of textural properties. The SBET values varied from 62.4

m2/g for sample Co8Ce3/ACs to 66 m2/g for raw AC. The

total pore volume in these studies was quite stable, varying

between 0.10 and 0.11 cm3/g. The average pore diameter

had significantly higher values than in other analysed

studies, in the range from 6.13 nm for the sample Ce8/ACs

to 6.82 nm for the sample Co8/ACs. For the mercury

removal experiments, 20 g of a given sorbent sample was

used. The gas carrier was a mixture of HCHO, O2 and N2,

and the flow rate varied from 0.5 to 1 L/min. The experi-

ments were carried out over a wide temperatures range

between 110 and 310 �C. The initial concentration of

mercury was 90 lg/m3 and the experiment time was set at

4000 min. The mercury removal efficiency varied between

38% for raw AC and about 70% for the sample Co8Ce3/

ACs. Further tests in Chen et al. (2018b) also investigated

the effect of the presence of HCHO on the mercury

removal efficiency, as well as the effect of the content of

the individual components of the carrier gas (O2, NO, SO2

and H2O). The stabilities of the obtained materials were

also considered. Catalytic oxidation was identified as the

main mechanism responsible for elemental mercury

capture.

4.2 Biochars

Biochars are stable solid charcoals obtained through car-

bonization, which is also a slow pyrolysis process. Biomass

materials are subjected to heating in an oxygen-free or

oxygen-limited environment, resulting in thermal decom-

position. Typical temperatures for biochar production vary

from 400 to 600 �C (Yi et al. 2017). Supplementary
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material 3 presents the characteristics of biochars used

recently for elemental mercury removal experiments.

Supplementary material 4 gives experimental parameters

as well as the mechanisms responsible for mercury capture

proposed by the cited papers’ authors (ordinal numbers

from the first column refer to the same samples in both

Supplementary material 3 and 4).

In Liu et al. (2018), the authors attempted to use the

resources of oceanic biomass in the form of seaweed, to

create sorbents capable of capturing elemental mercury

from gas. Two types of seaweeds were subjected to a

pyrolysis process, leading to the creation of biochars:

Sargassum and Enteromorpha, obtained from Weihai in

Shandong Province, China. The obtained materials were

impregnated with potassium halides (KCl, KBr and KI—

see Supplementary material 3 and 4 for an example of

impregnation with KI) using 0.5 wt%, 3 wt% and 9 wt% of

activating substance respectively. The authors state that in

previous studies, they found that a pyrolysis temperature of

800 �C allowed much better pore structures and spacing to

be obtained than is the case for pyrolysis at 400 �C or 600

�C. Pyrolysis was carried out in an N2 atmosphere with a

heating rate of 20 �C/min. After the set temperature of 800

�C was reached, it was maintained for 20 min. Sargassum

and Enteromorpha biochars obtained as a result of the

above process were named S800 and E800. The analysed

materials are characterized by relatively low textural val-

ues. The SBET value for Sargassum biochars varied

between 26.2 m2/g (for raw char) to barely 7 m2/g (for the

sample activated with 9 wt% of KI). The specific surface

area decreases with the amount of halide used for activa-

tion. The highest value of total pore volume was obtained

for Sargassum biochar activated using 0.5 wt% of KI. This

correlates also with the lowest average pore diameter value

achieved by this sample, i.e., 3.42 nm. Biochars obtained

from Enteromorpha have lower surface area values. In this

case SBET varies between 11.2 m2/g (for raw char) and 7.9

m2/g (for the sample activated with 9 wt% of KI). Thus, the

same trend is observed as for the Sargassum biochars. In

addition, the total pore volumes achieved are comparable

to the previous type of seaweed. In turn, the average pore

diameter is characterized by higher values, from 12.61 to

16.72 nm. In mercury removal experiments testing the

effect of using different amounts of halides to activate the

biochars, 0.08 g of a given biochar sample and 0.92 of

quartz sand were used. The gas carrier was a mixture of O2,

NO, SO2, H2O and N2. The flow rate was set to 0.85 L/min.

and the process temperature was 80�C. The initial con-

centration of Hg0 was set to about 60 lg/m3. The experi-

ment time was 80 min. The mercury removal efficiency

ranged from about 25% to about 90%. The lowest values

(*25% and *35%) were obtained with raw chars. In both

cases, i.e., Sargassum- and Enteromorpha-derived biochars,

the highest mercury removal results were obtained with the

samples activated with 3 wt% of KI, giving *90% and

*85% efficiency respectively. In Liu et al. (2018), tests

were also conducted on the influence of temperature

changes (80, 120 and 160 �C) on mercury removal effi-

ciency. Sorbents activated with other halides (KBr and

KCl) were also analysed in further work. The impact of the

content of O2, NO, SO2 and H2O was also examined. The

authors indicate adsorption processes as the main mecha-

nism responsible for binding mercury. The use of widely

available oceanic biomass means that the production of the

above sorbents could be effective from an economic point

of view.

In Yang et al. (2018b), a similar case was described,

using oceanic biomass to produce biochars. The raw

material used in this work was Sargassum seaweed

obtained from Weihai in Shandong Province, China. Sar-

gassum chars were obtained as a result of the pyrolysis

process, which was carried out in atmosphere of nitrogen at

three temperatures: 400, 600 and 800 �C. Chars were

denoted as S4, S6 and S8 respectively. As the most satis-

factory result was obtained for the S8 sample, it was

impregnated with NH4Br and subjected to further mercury

removal tests. Raw biochars obtained at temperatures of

400 �C and 600 �C possess very poorly developed textural

properties. SBET, total pore volume and average pore

diameter values were 1.95 and 3.71 m2/g, 0.003 cm3/g and

16.78 and 23.57 nm respectively. Only the S8 sample

obtained at 800 �C showed better and more rewarding

properties. SBET, total pore volume and average pore

diameter values were 26.20 m2/g, 0.03 cm3/g and 4.63 nm

respectively. Sample S8 was subjected to impregnation

with NH4Br using 1 wt%, 5 wt% and 9 wt% of activating

substance. Functionalized samples (named S8Br1, S8Br5

and S8Br9), were characterized by SBET values of 20.21,

19.66 and 19.47 m2/g respectively. The total pore volume

value for all activated samples was 0.03 cm3/g, while the

average pore diameter values were 9.82, 8.98 and 10.22 nm

respectively. Increasing the amount of NH4Br caused a

decrease in SBET and total pore volume values, with a

simultaneous increase in average pore diameter values.

This can be explained by the clogging of micropores. In the

mercury removal experiment aimed at indicating the opti-

mal amount of NH4Br, 0.25 g of the selected char sample

and 1.5 g of quartz sand were used. The gas carrier was a

mixture of O2, NO, SO2, H2O and N2. The flow rate was set

at 0.9 L/min. The temperature of the process was 120�C
and the initial Hg0 concentration was 60 lg/m3. The time

for the experiment was 70 min. As expected, raw samples

(S4, S6 and S8) were characterized by lower efficiencies,

achieving 12%, 14% and 29% respectively. Activated

samples (S8Br1, S8Br5 and S8Br9) achieved much better

results. The mercury removal efficiency was 78.13%,
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91.58% and 98.07% respectively. An increase in Hg0

removal efficiency was observed with an increase in

NH4Br from 1 wt% to 9 wt%. In further work in Yang et al.

(2018b), the temperature effect of the reaction on mercury

removal efficiency was investigated by testing the obtained

sorbents at 80 �C and 160 �C. As in previous cases, the

influence of individual components (O2, NO, SO2 and

H2O) of the carrier gas was also examined. Among the

mechanisms responsible for the removal of mercury, the

authors indicate the adsorption and production of HgBr2.

In Xu et al. (2018b), waste from rice production, i.e.,

rice straw, was used, from which biochars were obtained

via pyrolysis. Rice straw was collected from Xuzhou in

Jiangsu Province in China. This is a type of waste often

used in pyrolysis processes. In this case, 2 g of dried and

sieved (\ 300 lm) rice straw was subjected to the pyrol-

ysis process at a temperature of 600�C, in an atmosphere of

nitrogen for 20 min. Rice straw char was modified by Cu–

Ce mixed oxides, using an ultrasound-assisted impregna-

tion method. It has been demonstrated that copper oxides

show high catalytic activity and stability in mercury oxi-

dation processes at low temperatures, increasing the sor-

bents’ ability to remove Hg0 (Yamaguchi et al. 2008) (Xu

et al. 2014). During impregnation, different amounts of

cerium nitrate (hexahydrate, AR, Xilong Scientific Co.,

Ltd.) and copper nitrate (trihydrate, AR, Xilong Scientific

Co., Ltd.) were used. The calcination temperature was 260

�C. The samples were designated CuCev(c)/RSU(t), where

v represents the total molar concentration (mol/L) of cop-

per nitrate and cerium nitrate in the solution resulting from

the impregnation procedure, c represents the molar ratio of

Cu to Ce and U denotes ultrasound. The SBET of RS char

was 26.66 m2/g, the total pore volume reached a value of

0.12 cm3/g, the micropore volume was 0.006 cm3/g and the

average pore diameter was 18.08 nm. In the sample acti-

vated using 0.18 mol/L of copper nitrate and cerium nitrate,

the SBET, total pore volume, micropore volume and average

pore diameter values were 28.81 m2/g, 0.12 cm3/g, 0.007

cm3/g and 17.18 nm. When ultrasound assistance was used,

these values were 33.79 m2/g, 0.07 cm3/g, 0.018 cm3/g and

8.62 nm respectively. As can be seen, the use of ultrasound

caused a slight increase in the specific surface area and a

decrease in the total pore volume, while simultaneously

causing an increase in the number of micropores and more

than doubling the average pore diameter. In the elemental

mercury removal experiment, 0.3 g of each of the rice

straw char samples (RS, CuCe0.18(1/5)/RS(240) and

CuCe0.18(1/5)/RSU(240)) and 4 g of quartz sand were

used. The carrier gas was a mixture of N2, O2, SO2 and NO

and the gas flow was set to 0.8 L/min. The temperature of

the removal process was set to 130 �C and the initial

mercury concentration was 50 lg/m3. The time of the

experiment was set to 80 min. The effectiveness of

elemental mercury removal by raw RS char was 8.60%.

For the sample Ce0.18(1/5)/RS(240) this increased to

32.01% and for the sample CuCe0.18(1/5)/RSU(240) it

reached 67.45%. In this case, the authors identified the

main mechanisms affecting the binding of Hg0 as oxidation

and chemical adsorption. The authors also tested other

values of Cu:Ce molar ratio (1:1 and 1:3) and other loading

values (0, 0.06, 0.12, 0.24 and 0.30). Tests were also car-

ried out at different temperatures (110 �C, 150 �C and 170

�C). The next analysed variable was calcination tempera-

ture after impregnation (200, 220, 240, 280 and 300 �C). In

Xu et al. (2018b), the impacts of individual components of

the carrier gas (N2, O2, SO2, NO and H2O) were also

analysed. As in the previous case, it is also worth consid-

ering the possible economic efficiency, which is favourable

as a result of the use of waste material as the main substrate

and the possibility of regenerating and reusing the sorbent.

Therefore, there may be wider interest in this product for

this application.

An interesting study described the use of a wide variety

of types of biomass waste as raw material (Wang et al.

2018). For production of biochars, the following materials

were used: rice straw (R6), tobacco straw (T6), corn straw

(C6), wheat straw (W6), millet straw (M6) and black bean

straw (B6). The pyrolysis process was conducted in an

atmosphere of pure nitrogen at a temperature of 600 �C.

The biomass samples (10 g) were first rinsed in deionized

water, dried and then sieved to 100–200 lm. For biochar

functionalization through increasing the number of active

Cl sites, the chlorine (Cl) non-thermal plasma method was

used. The surface areas of biochars before activation varied

between 6.3 m2/g for black bean straw biochar and 63.8

m2/g for millet straw biochar (M6[R6[W6[C6[
T6[B6). In the activated analogues, SBET varied between

6.1 m2/g for black bean straw biochar and 33.5 m2/g for

rice straw biochar (R6[M6[C6[W6[T6[B6).

Plasma increased the specific surface area of R6, C6 and

W6, but decreased that of T6, M6 and B6. Unfortunately,

the authors do not give the values of other key textural

parameters. In the mercury removal experiment, 0.05 g of a

given sorbent was used. The carrier gas was compressed air

and the flow rate was 2 L/min. The temperature of the

process was set to 150 �C and the experiment time was 90

min. Initial Hg0 concentration was 20 lg/m3. Raw sorbents

showed zero or very low (maximum * 2.5%) mercury

removal efficiency. The situation was slightly better for

their counterparts after activation. The best result (55.8%)

was obtained from sample T6Cl, followed by 35% (R6Cl),

35% (M6Cl), 20% (W6Cl), 15% (C6Cl) and 0–1% (B6Cl).

Activation of the T6 sample resulted in a 36-fold increase

in the adsorptive capacity. This indicates that the proposed

activation procedure could be an effective way to increase

the sorption capacity of some materials. It can be
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concluded that Cl2 plasma modification increases the

number of Cl groups on the biochar surface, and that these

Cl groups serve as activated sites that increase the Hg0

removal efficiency.

The last example of the use of biochars to remove Hg0 is

in Yi et al. (2018). In this case, cones were used as the

starting material for the production of chars. The material

was rinsed in deionized water, dried and sieved to 80–100

lm. The pyrolysis was carried out at a temperature of 500

�C for 90 min., with a heating rate of 5 �C/min. The

atmosphere of the pyrolysis process was pure nitrogen. The

next stage was a 24 h impregnation of biochars in 30%

H2O2 (1 g of biochar per 10 ml of solution). Solutions of

Mn(NO3)2 and/or Cu(NO3)2�3H2O were used for further

impregnation of the materials. After impregnation was

complete, the samples were heated for 4 h at 500 �C under

a nitrogen atmosphere. The obtained samples were desig-

nated ACuxMny/HBC, where x and y refer to the Cu:Mn

molar ratio (x:y = 3:1, 2:1, 1:1, 1:2, 1:3, 1:4 and 1:5) and a

stands for the total metal oxide mass percentage in the

samples (HBC ? total metal oxides mass). The obtained

biochars were characterized by significantly better textural

properties, compared to materials in the above studies.

After impregnation with H2O2, the sample was character-

ized. The SBET was 178.23 m2/g, the total pore volume was

0.09 cm3/g and the average pore diameter was 1.4 nm.

Further activation with Cu/Mn compounds caused further

improvement in the textural properties. The SBET for all

activated samples varied between 307.13 and 320.98 m2/g,

the total pore diameter varied from 0.14 to 0.16 cm3/g and

the average pore diameter varied from 1.8 to 2.02 nm.

The use of biomass waste for the production of high-

performance mercury sorbents seems to be a very good

idea from an economic point of view, due to the low cost of

substrates. After the development of the technology, there

may be opportunities for wider application.

4.3 Zeolites

Zeolites are well-understood and well-studied materials.

They possess a number of important properties: ion

exchange, adsorption and molecular sieve or catalytic

properties (Ahmaruzzaman 2010). These features are

consequences of the characteristic crystallochemical

structure. Zeolite crystal structure results from spatial

bonding of SiO4 and AlO4 tetrahedra, which are called

primary building units (PBU). These tetrahedra form larger

systems through bonding with oxygen bridges, i.e., sec-

ondary building units (SBU). Within the SBU, different

types of rings occur. Connection of SBU units with free

corners results in characteristic channels and chambers,

called cavities (Baerlocher et al. 2007; Handke 2008). Both

natural and synthetic zeolites are widely applied in

environmental protection technologies (Franus et al. 2015;

Ospanov et al. 2016). The great advantage of zeolites is the

fact that they can be synthesized from a wide range of

materials containing silica and aluminium. There are many

studies describing different types of substrates and syn-

thesis methods. In Boycheva et al. (2014), Franus et al.

(2014), Wdowin et al. (2014a), Czarna et al. (2016),

Kunecki et al. (2017, 2018) and Panek et al. (2017), the

possibility is discussed of synthesizing zeolites from fly

ashes, which are by-products of hard coal and lignite

combustion in the energy sector. There are also many

examples of materials used as the main substrates in the

synthesis of zeolites, such as natural minerals, e.g.,

kaolinite (Holmes et al. 2011; Johnson and Arshad 2014),

pumice (Burriesci et al. 1983), obsidian (Rı́os et al. 2012),

diatomite (Garcia et al. 2016) and diatomaceous earth

(Aguilar-Mamani et al. 2014), and some waste materials,

e.g., perlite (Pichór et al. 2015), rice husk fly (Mohamed

2008, 2015) and discarded electronic devices (Tsujiguchi

et al. 2014).

Pioneering work on the use of zeolites for the removal of

elemental mercury has been conducted since the 1990s and

is described in Morency et al. (2000) and Panagiotou et al.

(2000). These authors stimulated greater interest in the

attempt to use zeolites as Hg0 sorbents. The following

examples show the achievements of recent years in this

area. Supplementary material 5 presents the characteristics

of zeolites used recently for elemental mercury removal

experiments. Supplementary material 6 shows the experi-

mental parameters as well as the mechanisms responsible

for mercury capture, proposed by the cited papers’ authors

(ordinal numbers from the first column refer to the same

samples in both Supplementary material 5 and 6).

In Qi et al. (2015), an interesting idea is presented for

removing elemental mercury using three different zeolites:

Na-A, Na-X and HZSM-5. The zeolites Na-A and Na-X

were purchased from Sinopharm Chemical Reagent Co.,

Ltd., while the zeolite HZSM-5 was purchased from

Nanjing JCNANO Tech. Co., Ltd., China. Zeolites were

subjected to modification with FeCl3 to produce active

chloride species on the surface of the samples. Zeolite

functionalization was performed with iron chloride aque-

ous solution by an impregnation method, in proportions

corresponding to different loading values. The obtained

sorbents were dried, milled and sieved to 60–80 lm. XRD

analysis showed a significant decrease in the crystallinity

of sorbents after the modification process. In addition,

NaCl crystallization caused by the ion exchange properties

of zeolites affected the reduction of active chloride species

production on the surface of the samples. The specific

surface area of the LTA zeolite increased from 24.5 to 44.6

m2/g in comparison to the value before activation. The total

pore volume remained stable at 0.12 cm3/g. In the case of
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the FAU type of zeolite, activation with iron chloride

caused a significant decrease in both SBET and total pore

volume values. These values decreased from 632.9 to 149.8

m2/g and from 0.40 to 0.24 cm3/g. For the HZMS-5 zeolite,

there was also a decrease in textural properties, but to a

lesser extent than for Na-X. For HZSM-5, the reported

decrease in the SBET value was from 405.3 to 358.9 m2/g.

The total pore volume remained stable at a level of 0.23

cm3/g. For the removal of elemental mercury experiments,

0.05 g samples of the sorbents after activation were used.

The carrier gas was pure nitrogen and the gas flow was set

to 1 L/min. The process temperature was 120 �C and the

initial Hg0 concentration was 40.7 ± 0.3 lg/m3. The time

of the experiment was 180 min. The lowest mercury

removal efficiency (5%) was reported for sample 5%

FeCl3–NaA. A removal efficiency of about 50% was

achieved for sample 5% FeCl3–NaX, while the highest

result of up to 98% was obtained for the sample 5% FeCl3-

HZSM-5. The authors indicated that adsorption processes

and bonding of mercury with Cl species were the main Hg0

removal mechanisms.

Another example of the use of zeolites to remove mer-

cury is given in Sun et al. (2018). Na-A zeolite synthesized

in the laboratory underwent functionalization with silver

nanoparticles. The raw Na-A zeolite had an SBET value of

449.9 m2/g and a total pore volume of 0.16 cm3/g, with an

average pore diameter of 0.45 nm. The zeolite C-AgNPs/

4A was characterized by a slightly lower value of SBET (in

comparison to the raw zeolite) of 402.5 m2/g. The value of

the total pore volume also decreased to 0.14 cm3/g. The

average pore diameter remained at the same value of 0.45

nm. For the mercury removal experiment, 1 g of sorbent

was used. The carrier gas was natural gas (CH4) and the

flow rate was set to 0.7 L/min. The process temperature

was 30 �C. The mercury concentration in natural gas typ-

ically varies from 1 to 200 Mg/m3 (Ryzhov et al. 2003).

The authors did not give the exact mercury concentration in

the experiment, but it should be expected to be in the given

range. The experiment time was set to 200 min. The raw

Na-A zeolite sample achieved about 20% mercury removal

efficiency. The sample that was activated with silver

nanoparticles achieved a much higher result—in the range

92%–95%. The authors pointed to the phenomenon of

amalgamation as the main mechanism for mercury binding.

A very interesting solution was proposed in Cao et al.

(2017). The authors created a magnetically responsive

catalytic sorbent for simultaneous removal of Hg0 and NO,

intended for use in power plants. For these tests, the

starting material was zeolite HZSM-5, which was modified

with magnetite (Fe3O4), silver nanoparticles and V2O5,

enhancing the catalytic reactivity. The obtained sorbents

achieved very promising results for the simultaneous

removal of elemental mercury and nitrogen oxides. The

best textural properties were obtained from raw HZSM-5

zeolite. The SBET was 353 m2/g and the total pore volume

was 0.20 cm3/g. The subsequent stages of activation

resulted in a decrease in textural property values. For

subsequent samples the SBET and total pore volume values

were as follows: MagH (259 m2/g and 0.19 cm3/g), MagH-

Ag0 (253 m2/g and 0.16 cm3/g), MagH-V4 (249 m2/g and

0.16 cm3/g), MagH-V4-Ag0 (237 m2/g and 0.15 cm3/g),

MagH-V8 (230 m2/g and 0.15 cm3/g) and MagH-V8-Ag0

(217 m2/g and 0.14 cm3/g). In the simultaneous mercury

and NO removal experiment, 0.03 g of a given sorbent was

used (except in the case of raw HZSM-5). The gas carrier

was a mixture of O2, CO2, NO, NH3, SO2 and HCl. The

flow rate was set to 0.5 L/min. The temperature of the

process was 150 �C and the initial Hg0 concentration was

79 lg/m3. The time of the experiment was set to 180 min.

The samples achieved the following removal efficiencies

for Hg0: MagH—about 12%, MagH-Ag0—about 30%,

MagH-V4—about 42%, MagH-V4-Ag0—about 96%,

MagH-V8—about 96% and MagH-V8-Ag0—about 97%.

The results of the last three samples in particular are very

promising—they ensure the almost complete removal of

mercury from the carrier gas, with a significant flow and

the use of a small mass of sorbent. Expanding the research,

the authors tried to remove mercury at different tempera-

tures (50, 100, 200, 250 and 300 �C). It is worth men-

tioning that for the sample MagH-V8-Ag0, a series of five

regeneration cycles were carried out, after which the effi-

ciency of mercury removal decreased only slightly. This

may be of key importance in terms of the economic

effectiveness of the production and use of a sorbent. The

authors identified a combination of the Mars–Maessen

mechanism and amalgamation as main mechanism

responsible for mercury capture.

In Wdowin et al. (2015), research was undertaken on the

most effective of the previously tested zeolites—Ag-loaded

Na-X derived from fly ash. In this study, synthetic zeolite

X was obtained according to the method described in

Franus (2012)—the same method as in the case described

above. Raw zeolite X was subjected to the silver ion

exchange method using silver nitrate solution (0.5 dm-3,

0.5 mol/dm3). The textural properties of the activated

sample were the same as in the example described above.

The study presents two separate mercury removal experi-

ments. Before each test, activated zeolites were dried at

160 �C (10 wt%–12 wt% of moisture was removed from

the zeolite in this process). The first test was conducted to

confirm the efficiency of the Ag-X zeolite towards Hg0

removal from the hot air stream. In this experiment, the

zeolite sample was placed in two traps. The carrier gas was

the hot air stream and the flow rate was set to 0.4 L/min.

The temperature of the process was 150 �C and initial

mercury concentration was 130 lg/m3. After 40 min of the
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experiment, the Ag-X mercury removal efficiency was

equal to 98%. The second, long-term experiment on Hg

uptake by zeolites was carried out using three systems:

(1) 2 9 2 g of powdered zeolite (at 150 �C)

(2) 3 g of granulated zeolite (at 110 �C).

The obtained results indicated an advantage in using the

granular form over the powder form of zeolites. The con-

ditions of the mercury removal process carried out on the

granulated zeolite Ag-X are shown in Supplementary

materials 5 and 6, where 3 g of granulated zeolite was used.

The carrier gas was an artificially composed exhaust gas.

The flow rate was set to 1.4 L/min. and the process was

carried out at 110 �C. The initial mercury concentration

was set to approximately 119 lg/m3. The long-term

experiment time was set to 120 min. A 10% breakthrough

was observed after 65 min. As mentioned in above study,

the main mechanism responsible for Hg0 is amalgam

formation.

In Wdowin et al. (2014b), the use of synthetic zeolites

for mercury capture from exhaust gases was described. In

this study, the zeolites Na-X and Na-P1 were obtained via a

simple hydrothermal reaction of hard coal-derived fly ash

with sodium hydroxide. It is worth noting that the prepa-

ration of the zeolites was conducted at a one-quarter

technical scale using a prototype semi-automatic installa-

tion (Wdowin et al. 2014a), and the repeatability was

confirmed in numerous experiments. The authors also used

a natural zeolite—clinoptilolite from the Sokyrnytsya

deposit, Ukraine. Before the Hg0 removal experiments, all

zeolites were dried at 350 �C for 6 h to remove moisture. In

order to increase the zeolites’ affinity for elemental mer-

cury, whole samples were loaded with silver using the ion

exchange method. Na-P1 was also functionalized by

melting with AgNO3. XRD quantitative analysis showed

that the pure zeolite content in the samples was relatively

high, varying from Na-X at 63% to Na-P1 at 81% and

clinoptilolite at 95%. The SBET for raw and functionalized

zeolites ranged from 260 and 203 m2/g for Na-X zeolites

(raw and Ag-activated) to 88, 53 and 65 m2/g for Na-P1

zeolites (raw, Ag ion exchange-activated and Ag-melted)

and 19 and 14 m2/g for clinoptilolites (raw and Ag-acti-

vated). Total pore volume also varied significantly from

0.22 and 0.16 cm3/g for Na-X zeolites (raw and Ag-acti-

vated) to 0.34, 0.21 and 0.26 cm3/g for Na-P1 zeolites (raw,

Ag ion exchange-activated and Ag-melted) and 0.06 and

0.04 for clinoptilolites (raw and Ag-activated). Average

pore diameters were 12.96 and 15.58 nm for Na-X zeolites

(raw and Ag-activated), 35.43, 29.73 and 35.18 nm for Na-

P1 zeolites (raw, Ag ion exchange-activated and Ag-mel-

ted) and 50.60 and 54.75 for clinoptilolites (raw and Ag-

activated). For all Ag-loaded zeolites, a reduction in SBET

and total pore volume was observed, with a simultaneous

increase in the average pore diameter values, indicating

that Ag is blocking or filling some of the pores. In the

mercury removal experiments, 0.1 g of each sorbent was

tested. The carrier gas was pure nitrogen and the gas flow

was set to 0.08 L/min, with exception of the sample Na-X/

Ag, where the gas flow was 0.16 L/min (due to the high

adsorption capacity of the sample). Mercury vapour was

generated at 30 �C (± 0.5 �C) and initial mercury con-

centration was 36 lg/m3. Raw zeolitic materials were

unable to remove more than 10 wt% of mercury. For the

untreated zeolites, tests were terminated after 1 h, due to

the low uptake efficiency. Results from the Hg0 removal

experiments showed that addition of Ag to the tested

samples dramatically improved the performance of the

zeolites with respect to mercury capture. The greatest

mercury uptake was observed for silver-functionalized

zeolite Na-X, since this has the highest BET surface area

and the highest combined micropore and mesopore vol-

umes. Approximately four times lower Hg uptake was

observed for Ag-loaded Na-P1 zeolite. According to the

literature (Moutsatsou et al. 2006) clinoptilolite (both raw

and Ag-activated) achieves negligible mercury uptake.

Based on the obtained results and on previous work by

other authors (Long et al. 1973; Yan 1994; Nowakowski

et al. 1997), the authors identified amalgam formation as

the main mechanism responsible for mercury capture in

silver-loaded zeolites.

4.4 MOFs

Metal-organic frameworks (MOFs) are porous, structurally

diverse materials built from the coordinative bonding

between metal ions and organic linkers or bridging ligands.

MOFs are constructed by anchoring metal-containing units

or secondary building units (SBUs) with organic linkers.

Binding occurs through coordination, yielding open

frameworks that show the exceptional features of durable

porosity, stable framework and enormous surface area and

pore volume. The presence of long organic linkers leads to

relatively high porosity. For this reason, MOFs are char-

acterized by large storage space and many adsorption sites.

MOFs also have great potential for functionalizing their

structures, allowing their wider application (James 2003;

Furukawa et al. 2013; Lu et al. 2014). Supplementary

material 7 presents the characteristics of MOFs used

recently for elemental mercury removal experiments.

Supplementary material 8 shows the experimental param-

eters and the mechanisms responsible for mercury capture

proposed by the cited papers’ authors (ordinal numbers

from the first column refer to the same samples in both

Supplementary material 7 and 8).

In Chen et al. (2018a), a metal-organic framework was

synthesized based on 1,3,5-benzenetricarboxylic acid
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(H3BTC). During the synthesis it was functionalized with

Cu(NO3)2�3H2O, to create an affinity for Hg0. The obtained

sorbent was characterized by a high SBET of 1189.69 m2/g

and a total pore volume of 0.53 cm3/g. The mercury

removal experiments used 0.02 g of sorbent. The carrier

gas was a mixture of O2, HCl, SO2, NO and H2O. The gas

flow rate was set to 0.35 L/min. The test was carried out at

a temperature of 150 �C. The initial Hg0 concentration was

200 lg/m3 and the experiment time was set to 120 min.

The mercury removal efficiency achieved varied between

93% and 96%. The authors extended their research to

include tests on the impact of temperature (25, 50, 75, 100,

200 and 250 �C) and content of HCl and O2 on the mercury

removal process. The following variants were also exam-

ined: (a) SO2, (b) NO, (c) H2O, (d) coexistence of HCl,

SO2, NO and H2O with 15 ppm HCl and 10% O2, (e) SO2,

(f) NO, (g) H2O and (h) coexistence of HCl, SO2, NO and

H2O with 5 ppm HCl and 2% O2. With regard to mercury

removal mechanisms, the authors reported that some Hg0

may be oxidized by active oxygen to HgO when no HCl is

present or to HgCl2 by active Cl when HCl is present.

The UiO-67 MOF and ZrO2 were used as a manganese-

cerium catalyst support for Hg0 and NO removal in Zhang

et al. (2017). Materials were obtained by incipient wetness

impregnation of MOF with manganese-cerium nitrate. All

reagents used in the synthesis came from J&K Scientific

Co., Ltd. (Beijing, China). The synthesis procedure is

described in more detail in the previous publication by Zhu

et al. (2015). The Mn–Ce loaded catalyst was synthesized

via incipient wetness impregnation of UiO-67, using

Ce(NO3)2 and Mn(NO3)2 as precursors, diluted in ethanol.

Mn–Ce-impregnated ZrO2 was obtained by impregnation

of 1.5 g of ZrO2 with cerium and manganese ethanolic

solution. The mass ratio was Mn:Ce = 1 and the Mn and Ce

loadings were both 5 wt% in the preparation procedure.

Undoped MOF has an SBET value of 1376.95 m2/g, a total

pore volume of 0.64 cm3/g and an average pore diameter of

3.19 nm. The Mn-Ce compound deposited in the pores of

the MOF material causes partial blocking of the porous

structures in the framework, reducing the surface area and

total pore volume. For the activated sample, named

MnCe@MOF, the SBET value decreased to 1015.13 m2/g,

the total pore volume was 0.51 cm3/g and the average pore

diameter was 2.01 nm. The textural properties of

MnCe@ZrO2 were much less favourable than those of their

predecessors. The SBET value was just 22.88 m2/g, the total

pore volume was 0.05 cm3/g and the average pore diameter

was 8.97 nm. For the mercury removal experiment, 1 g of a

given sorbent was used. The carrier gas consisted of O2,

NO and NH3 in N2. The flow rate of the carrier gas was set

to 0.35 L/min. The process temperature was 300 �C. The

initial mercury concentration was 35 lg/m3. The experi-

ment time was set to 120 min. Raw MOF was characterized

by the lowest efficiency for mercury removal from the

carrier gas (about 20%). The MnCe@MOF sample

achieved as much as 95% mercury removal and the sample

MnCe@ZrO2 achieved about 80%. The authors also

attempted to indicate the optimal temperature for the

mercury removal process using the obtained sorbents, by

conducting tests over a broad range of temperatures (100,

200, 250, 300 and 350 �C). The influence of oxygen con-

tent in the carrier gas was also investigated (zero and 5%).

The authors identified adsorption and catalytic oxidation of

Hg0 to HgO as the main mechanisms responsible for

mercury removal. Both lattice oxygen and adsorbed oxy-

gen could participate in the catalytic oxidation reaction. In

addition, it is worth mentioning that MnCe@MOF and

MnCe@ZrO2 exhibited significant potential for NO

removal, which significantly increases the attractiveness of

the solution proposed by the authors and increases the

likelihood of interest from the energy industry sector.

Removal of Hg0 from flue gas using open metal sites of

Mil-101(Cr) and UiO-66 MOF materials was presented in

Zhao et al. (2018). The synthesis was carried out according

to the modified procedure described in Bromberg et al.

(2012). Chromic nitrate nonahydrate (Cr(NO3)3�9H2O,

[ 99%), 1,4-benzenedicarboxylic acid (H2BDC, 99%) and

N,N-dimethylformamide (DMF, 99.5%) were purchased

from Aladdin Co., Ltd. (Shanghai, China). Glacial acetic

acid (CH3COOH,[ 99.5%) was purchased from Shanghai

Ling Feng Chemical Reagent Co., Ltd. (Shanghai, China).

The Mil-101(Cr) sample possessed one of the best sets of

textural properties described in this article. The SBET was

2487.94 m2/g and the total pore volume was 0.75 cm3/g.

UiO-66 had a specific surface area of 1090.67 m2/g and a

total pore volume of 0.94 cm3/g. For the mercury removal

experiments, 0.02 g of the sorbents were used. The carrier

gas was a mixture of N2 and O2. The flow rate was set to

0.5 L/min. and the temperature of the process was 250 �C.

The initial concentration of mercury was about 350 lg/m3

and the experiment time was set to 500 min. MIL-101(Cr)

achieved a very high level of mercury removal efficiency

of around 85%, whereas for the sample UiO-66, the effi-

ciency was about 50%. The authors also examined the

effect of variable process temperature and oxygen dose (0,

4% and 8%). The process of desorption of entrapped

mercury was also analysed. The Hg0 removal efficiency of

MIL-101(Cr) increased with increasing temperature and

oxygen content. Based on the XPS and Hg-TPD results, the

authors stated that the main mechanisms responsible for

mercury removal were adsorption and oxidation via the

presence of open metal Cr3? sites. The surface adsorbed

oxygen of the adsorbent combined with the generated Hg2?

to generate HgO and oxidized the open metal Cr2? site to

Cr3?. Excellent results for elemental mercury removal as
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well as good chemical and thermal stability are consider-

able advantages of the proposed solution.

4.5 Others

Among solid sorbents, many other materials have also been

tested, some of which are discussed below. Supplementary

material 9 presents the characteristics of other sorbents

used recently for elemental mercury removal experiments.

Supplementary material 10 shows the experimental

parameters and the mechanisms responsible for mercury

capture proposed by the cited papers’ authors (ordinal

numbers from the first column refer to the same samples in

both Supplementary material 9 and 10).

In Yang et al. (2018a) solid waste resulting from the

Bayer process for aluminium production was used. Red

mud came from Liaocheng, Shaondong Province, China.

The authors reported that at least 160 million Mg of this

waste is produced each year in the world. The total stored

amount of red mud can be up to 2500 million Mg. These

types of landfills are a huge burden on the environment. In

this case, the red mud was first dried and then milled and

sifted to a particle size of \ 50 lm. The red mud was

modified via the impregnation method using the potassium

halides KI, KBr or KCl. The concentrations of the KI, KBr

and KCl solutions were 0.5 wt%, 1 wt% and 3 wt%

respectively. The names of the samples in the Supple-

mentary Material 9 refer to these solutions. Raw red mud

(RM) had the following textural properties: SBET was 22.49

m2/g, total pore volume was 0.089 cm3/g and average pore

diameter was 15.50 nm. The micropore surface area was

2.72 m2/g. The functionalization of RM with both KI and

KBr negatively influenced the textural properties of the

materials. For samples RMI0.5, RMI1 and RMI3, the SBET

values were 21.52, 19.58 and 19.31 m2/g respectively.

Total pore volume decreased accordingly, to 0.086, 0.083

and 0.077 cm3/g. The micropore surface area values

decreased from 2.14 through 1.89 to 0.61 m2/g. The

average pore diameter increased from 15.06, through 18.70

to 18.74 nm. For samples RMB0.5, RMB1 and RMB3, the

SBET values were 21.76, 20.64 and 20.23 m2/g. Total pore

volume decreased accordingly, from 0.085 through 0.081

to 0.074 cm3/g. The micropore surface area values

decreased from 2.09, through 1.19 to 1.07 m2/g. The

average pore diameter increased from 15.97, through 17.77

to 18.17 nm. In the elemental mercury removal experi-

ments, 0.2 g samples of given sorbents were used. The

carrier gas was a mixture of SO2, NO, water vapour, O2

and N2. The gas carrier flow rate was set to 0.9 L/min, and

the temperature of the removal process was 120 �C. The

initial Hg0 concentration was set to 60 lg/m3 and the

experiment time was set to 90 min. As predicted, the lowest

mercury removal efficiency was obtained for the raw RM

sample, which achieved an efficiency of 13.8%. For RM

functionalization with KI, with an increase in the amount

from 0.5% to 3%, the efficiency of mercury removal also

increased, from 83.2% up to 94.3%. For RM functional-

ization with KBr a similar trend was observed. As its

amount increased from 0.5% to 3%, the efficiency of

mercury removal also increased from 51.3% up to 67.1%.

The authors pointed to adsorption on the modified red mud

surface, chemisorption and oxidation as the main mecha-

nisms responsible for mercury removal.

In Xu et al. (2018a), hydrothermal synthesis gave three

dimensional carbon spheres, a-MnO2 and MnO2/CS. Glu-

cose was used as a carbon source. To obtain the carbon

spheres, 5.0 g of glucose was dissolved in 100 mL of pure

water and then transferred into a 150 mL Teflon

hydrothermal synthesis reactor, kept at 200 �C for 10 h.

Finally, the product was washed three times with ultrapure

water and kept warm at 105 �C for 12 h. In order to obtain

MnO2/CS, 1.0 g of the previously synthesized carbon

sphere material was dissolved in pure water under ultra-

sonic dispersion for 30 min. Then, 5 mmol MnSO4�H2O

was added and stirred for 3 h. Subsequently, 5 mmol

KMnO4 was slowly added to the above solution and stirred

for 1 h. The above mixture was transferred into a Teflon-

lined autoclave and maintained at 160 �C for 12 h. The

obtained precipitates were washed with water and dried at

8 �C for 12 h. The a-MnO2 was obtained using the same

method but without carbon spheres. The carbon sphere

material was characterized by the weakest textural prop-

erties. The SBET value barely reached 8.63 m2/g, the total

pore volume was 0.01 cm3/g and the average pore diameter

was 3.35 nm. The a-MnO2 sample had slightly better

textural properties. The SBET was 31.01 m2/g, the total pore

volume was 0.066 cm3/g and the average pore diameter

was 3.69 nm. The best textural properties were recorded for

the MnO2/CS sample. The SBET value reached 134.1 m2/g,

the total pore volume was 0.331 cm3/g and the average

pore diameter was 3.65 nm. In the mercury removal

experiments, 0.03 g of the sorbent was used. The carrier

gas was pure nitrogen. The measuring system was adapted

to perform analyses at a maximum flow rate of 0.5 L/min.

Unfortunately, the authors did not give the exact value of

the flow rate and the initial mercury concentration for the

samples analysed. The experiment was carried out at a

temperature of 150 �C and the time was set to 600 min.

According to expectations, the smallest affinity for ele-

mental mercury was found in the raw sample of carbon

spheres, with about 12% Hg0 removal efficiency. Better

results were obtained from the a-MnO2 and MnO2/CS

samples. In these samples, the obtained efficiencies were

91.73% and 95.6% respectively for removal of Hg0. The

authors also conducted studies on the impact of tempera-

ture on the mercury removal efficiency (in the range
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100–350 �C). As the temperature increased, the efficiency

of Hg0 removal in the a-MnO2 sample decreased signifi-

cantly (64.8% at 250 �C, 56.85% at 300 �C and 28% at 350

�C). For the MnO2/CS sample there was also a decrease in

mercury removal efficiency with a rise in temperature: at

300�C the efficiency was 72.16%, dropping to 30.6% at

350 �C. This shows that such high temperatures signifi-

cantly adversely affect the process of elemental mercury

removal in manganese oxide-based materials. Adsorption

and oxidation processes were identified as the main

mechanisms responsible for mercury capture.

5 Research gap summary and future research
directions

Due to physicochemical properties of mercury which give

it a number of features such as high toxicity and bioaccu-

mulation, Hg emissions from energy sector remains a

hazardous threat to human beings and environment. In last

years, both industry and scientists have put significant

effort in order to develop new techniques that help reduce

mercury emissions into the environment. However, new

law regulations and restrictions regarding emission levels

mean that there is still space for new works and solutions,

due to the fact that actually existing solutions don’t meet

new requirements. Considering literature concluded and

cited in this paper it can be stated that there is a research

gap of possibility to compare individual types of sorbents

and their effectiveness in relation to Hg removal. The

multitude and divergence of parameters and variable sys-

tems in which the described tests were conducted makes it

impossible to accurately compare sorbents. Studies show-

ing a comparison of a number of sorbents tested under

equal conditions would have an invaluable value. Hg0

constitute about 90% of all mercury in exhaust gases and it

is also the most difficult to be removed there is a great need

for further research towards searching for a new way of

removal. In addition, the analysis presented so far focused

mainly on laboratory results under simulated conditions, so

there is a lack of tests in real conditions that would give a

real view of the effectiveness of these sorbents. As long as

the economies of many countries will be based on energy

obtained from the combustion of solid fuels research and

work will still be needed in order to obtain novel, more

effective, cheaper, less environment harmful sorbents

capable of removing of mercury.

Generally, based on the reviewed literature, the fol-

lowing research is worth to carrying out in the future:

(1) The effects of flue gas components, especially SO2

and NO on Hg0 uptake depending on the type of sorbent;

(2) Interoperability of laboratory methods mercury

control with large-scale demonstration projects in coal-

fired power plants;

(3) The influence of adsorbent injection temperature and

rate on Hg0 removal efficiency important from the point

of view of use in ESP (electrostatic precipitator) or FF

(fabric filter) systems in power plants;

(4) The mathematical models based on available labo-

ratory tests and simulations of the impact of variables

such as flue gas chemistry, mass transfer, physical and

chemical adsorption on the efficiency of Hg0 removal;

(5) Economic analysis of the profitability of implement-

ing the proposed solution for power plants

(6) The comprehensive and systematic economy analysis

taking into account the costs of adsorbent regeneration

and its management after use.

6 Conclusions

The aim of the research in this paper is to present a com-

pendium of novel solid sorbent solutions dedicated to the

removal of elemental mercury from gases. The paper dis-

cusses a wide spectrum of recently obtained materials

which have achieved very promising results in Hg0

removal experiments. Among them are materials such as

activated carbons, biochars, zeolites and metal-organic

frameworks. The origins of the materials or the methods of

their production have been given, as well as methods of

modification aiming was to increase the affinity for ele-

mental mercury. The dominant method for functionalizing

materials was impregnation, while silver, cerium and

manganese compounds were the substances most often

used for activation. Some of the presented materials were

purchased, while others were produced in laboratory or at a

one-quarter technical scale. As far as possible, textural

characteristics, including the most influential properties

(SBET, total pore volume, micropore volume and average

pore diameter) have also been presented. In order to obtain

the most complete view of the proposed sorbents, as many

as possible of the mercury removal experiment parameters

are given, including the mass of sorbent, the carrier gas

composition, the flow rate, the temperature at which the

Hg0 removal process was carried out, the initial mercury

concentration in the gas and the time for 10% breakthrough

or the whole duration of the experiment, as well as the

sorbent efficiency given as a percentage. Finally, an indi-

cation of the mechanisms responsible for mercury capture

was given. This paper presents only the most effective

proposed sorbents. In some cases, the development of the

experiments was also discussed—most of the cited papers

included a description of the selection of the appropriate
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process temperature, as well as the impact of the individual

components of the carrier gas, (e.g., O2, SO2, NO and H2O)

on Hg0 removal efficiency.

The analysis carried out indicates that the best result was

achieved by the MOF samples MIL-101(Cr) and UiO-66

(Zhao et al. 2018). Very promising results were also

achieved by a number of activated carbons doped with gold

nanoparticles (Rodrı́guez-Pérez et al. 2011). The decisive

disadvantage of these solutions is the cost of production

and functionalization of sorbents. Zeolites seem to provide

an interesting and more economical solution. However, in

this case, silver activation also increases the total cost of

sorbent production (Wdowin et al. 2014b, 2015; Cao et al.

2017). Some of the described solutions achieved very

interesting, economically effective and high-efficiency

results that possess high potential for application and cer-

tainly deserve further development and greater interest

from the energy industry sector.
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