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The metallurgical industry is a major source of anthropogenic emissions of mercury, whose compounds have an adverse impact on the environment and human health. In the year 2017 in the European Union, the industry was responsible for nearly 13 % of mercury emissions, being their third largest source. In Poland the industry is the fourth
largest source of emissions, accounting for approximately 3.6 % the total. There are several component processes in
the steel production process. The first consists of the preparation of ferrous additive, mainly in the sintering process.
The second consists of smelting of pig iron in a blast furnace and the last entails processing in a converter or arc furnace. The main source of mercury in the blast furnace process is the fuel (coal and coke). The largest stream of mercury leaves the furnace with the blast furnace gas, which contains 2.4 μg/m3 after cleaning. Mercury content in pig iron
has always been below detection levels with respect to analysis methods used. Using balance investigation results and
data available in literature, an emission index has been determined for the whole production cycle: 10.181 mg Hg/Mg
of steel. This value consists of emissions generated in the following steps: preparation of sinter – 1.622 mg Hg/Mg of
steel, coke production – 4.953 mg Hg/Mg of steel, combustion of blast furnace gas produced during the blast furnace
process – 3.557 mg Hg/Mg of steel and pig iron processing – 0.050 mg Hg/Mg of steel.

1. Introduction
Given the toxicity of mercury and the global nature
of its emissions, sources of emissions should be subject to
monitoring and measures to minimize quantities of mercury compounds released into the environment [1–4].
Industrial processes are the main sources of anthropogenic
mercury emissions, with the metallurgical industry playing
a prominent role among these. Between 2007 and 2017,
the metallurgical industry in the EU emitted nearly 100 t
of mercury [5–6].
At present, steel remains the primary material used in
construction. Annual global steel production increased
from 848.934 million t in 2000 to 1816.611 million t in
2018 [7]. Today, there are two main processes used to
manufacture steel: (i) oxygen-blown converter (approximately 72 % of steel production) and (ii) electric arc
furnaces and induction furnaces (approximately 27 % of
steel production).
Pig iron for steel production is obtained by smelting in
a blast furnace. Between 2007 and 2017, the volume of pig
iron production in the EU varied between 116.3 million t
and 90.9 million t, with a minimum of 72.3 million t due to
the crisis in 2009. In Poland, production during the same
period fluctuated from 5.8 million t to 4.8 million t, with
a minimum of 3.0 million t [8].
On a European scale, the pig iron and steel industry is identified as the third largest source of gaseous
mercury emissions. The share of the pig iron and steel
industry in global anthropogenic mercury emissions has
decreased from about 1.86 % in 2006 [2, 4] to about
1.34 % in 2015 [9].
The main raw materials fed into the blast furnace are:
(i) ferrous raw materials, (ii) fluxes and (iii) fuel. Blast fur© KOGUT K., TUZ L., BURMISTRZ P., 2021
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nace products include: (i) pig iron, (ii) blast furnace slag,
(iii) blast furnace gas and (iv) blast furnace contaminants.
Ferrous raw materials supply iron into the blast furnace.
They may be fed in to the furnace as sinter, pellets or lump
ore. Authors of earlier papers report low mercury content
in sinter (less than 5 μg Hg/kg) [10–12], although publications exist which report higher values, e.g. 19 μg Hg/kg [13]
or 45 μg Hg/kg [14].
Fluxes are required to separate undesirable minerals released in the form of liquid slag. The mercury content varies widely depending on the flux used: 15–200 μg Hg/kg
[11, 12, 15].
The main fuel used in the blast furnace process is coke.
An additional fuel used to reduce coke consumption and
improve the quality of pig iron is coal fed to the blast furnace using PCI (Pulverized Coal Injection) technology
[16, 17]. Mercury content in coke is not high, amounting to approximately 10 μg Hg/kg [18, 19]. Mercury concentration in bituminous coal is usually much higher,
amounting to as much as 200 μg Hg/kg [20].
Mercury content in blast furnace slag released in
liquid form from the surface of the pig iron is about
50.0 μg Hg/kg [21, 22].
Blast furnace gas is the largest product by mass of
the blast furnace process, with a yield of approximately
2,800–3,500 m3/t of pig iron (3,780–4,730 kg/t of pig
iron). Upon leaving the blast furnace, the gas is contaminated mainly by dust released in the inertial dust collector.
Deep cleaning is performed in the scrubber, producing
blast furnace sludge in the process. Available literature reports very high levels of mercury in blast furnace sludge –
approximately 1,630 μg Hg/kg [23, 24].
Mercury concentration in flue gases from a sintering furnace ranges from 20 to 70 μg Hg/m3 [11, 12] – a mercury
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emission index of 1.28–2.71 mg Hg/Mg of sinter. On the
other hand, mercury emissions to the atmosphere amount to
14.7 mg Hg per 1 t of blast furnace coke produced in a coke
plant [18]. In steel production processes on the other hand,
the value of mercury emissions to the atmosphere is reported
at approximately 0.05 mg Hg/Mg of produced crude steel
[10, 25].
The publication presents results of mercury balance
investigations for an operating blast furnace. The results
obtained, in combination with our previous research and
literature reports enabled an analysis of mercury emissions
for the complete production cycle, including: (i) sinter preparation process [11], (ii) coke production in a coke plant
[18], (iii) blast furnace processes, and (iv) the steel production process [10].
2. Experimental section
The investigation included the following balances: mass
and mercury in an operating blast furnace with a total volume of 2000 m3 and an efficiency of 175 t of pig iron per
hour.
Balance investigations were performed for an operating blast furnace; its operating diagram is well known from
previous publications [26–28].
2.1. Raw materials and products sampling
Samples of raw materials fed to the blast furnace and
of the pig iron produced were taken directly at the plant.
91 representative samples from all analyzed streams were
collected over a 6 month period. Ferrous raw material samples were collected manually in accordance with the ISO
3082 standard [29], while samples of fuel (coke and coal) to
the PCI were collected in accordance with the ISO 18283
standard [30]. Since there is no international standard that
regulates flux (limestone, dolomite) collection methods,
process additives and slag, adapted procedures described
in the ISO 3082 and ISO 18283 standards were used in the
investigation. Laboratory analysis results are presented in
section 3.3.
2.2. Analysis of fuels samples and raw materials
in the blast furnace process
Air-dried coal and coke samples were prepared in
accordance with the ISO 13909 standard [31]. Analyses
included proximate and ultimate analysis in accordance
with ISO 17246 and ISO 17247 standards [32, 33] and
mercury content with absorptive atomic spectrometry
with cold vapour (CV-AAS) generation in an automated mercury analyzer DMA-80 (Milestone Connect).
ISO 2596 and ISO 3087 standards were followed to
determine moisture content in raw materials [34, 35].
Mercury content in solid samples of raw materials and
blast furnace products was determined by adsorptive
atomic spectrometry with cold vapour generation (CVAAS). Individual stream volumes were obtained based
on control data generated by appropriate personnel of
the Plant.

Table 1. Mercury content in raw materials, additives and
furnace process products in operating conditions, μg/kg
Number
Group
Materials
Mean
of samples
Fuels
Coke
5
1.6
PCI coal
5
23.0
Raw
Lump
5
3.0
materials Iron
Mikhailovsk lump ore
5
0.76
ore Lebedinsk lump ore (basic)
5
0.82
CGOK ore
5
0.60
Sinter
6
1.1
Additives
Oxygen furnace slag
6
3.1
Ferrous briquette
6
100.8
Fluxes
Limestone
5
4.8
Dolomite
5
4.6
Products
Pig iron
12
0.0*
Blast furnace slag
6
1.3
Blast furnace dust
5
81.9
Blast furnace gas (BFG)
4
1.91
Sludge from BFG cleaning
6
137.9
* Mercury content below LOQ, so assume 0.0

blast
SD
0.2
1.3
0.2
0.06
0.03
0.01
0.2
0.1
1.5
0.1
0.2
—
0.4
0.9
0.17
12.4

2.3. Pig iron
Mercury content in pig iron was investigated using
a Phenom XL scanning electron microscope equipped with
an integrated X-ray dispersion spectrometer (EDS) from
ThermoFisher Scientific. Identification of elements was
performed based on qualitative analysis using Elemental
Mapping Software. Additionally, chemical composition tests
were performed using a Foundry Master spark spectrometer.
Additionally, mercury content was determined by adsorptive atomic spectrometry with cold vapour generation using a
DMA-80 (Milestone) analyzer. In the first step, pig iron filings
were subjected to mineralization in a Berghof Speed Wave digester. Aqua regia was used as the digesting liquid. The solution
obtained and a blank sample of aqua regia were analyzed with
the DMA-80. No results were obtained indicating the presence of mercury in pig iron also in this case. Determination
values in both samples (with analyte and blank) did not differ
significantly. Therefore, mercury content in pig iron samples
is below the limit of detection and the value in Table 1 was used
for balance calculations.
2.4. Blast furnace gas
Gaseous phase mercury concentration in blast furnace
gas was measured after the gas was cleaned in an inertial
dust collector and scrubber.
Mercury content in blast furnace gas was determined
using a system of traps filled with a proprietary sorbent mix
consisting of coconut activated charcoal and Damasorb
activated charcoal. The method was developed to measure mercury concentration in coke oven gas and adjusted
during the investigation for measurements of mercury
content in blast furnace gas. The method is described in
detail in an earlier publication [36].
Mercury content was also analyzed in blast furnace gas
contaminants. This was determined in dust from the inertial
dust collector and in scrubber sludge. The analysis methodology was analogous to that described in section 2.2.
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Blast furnace

Feedstock
preparation

Coke
39.2 t

3.2. Mercury analysis in the raw
materials and products of process
Blast furnace slag 28.9 t
Fuel
Validation studies have shown that
the
CV-AAS
method (Direct Mercury
Lebedinsk lump ore
Fuel
19.2 t
CGOK lump ore
49.6 t
Analyzer-80,
Milstone) is accurate for
5.2 t
fuel samples with mercury content
Lump ore
2.7 t
ranging from 0.2 to 15 μg/kg in an
air-dried basis. The limit of detection
Ferrous
Sinter
feedstock
94.6 t
Blast furnace gas
147.8 t
was 0.002 ng, while the limit of quan217.0 t
tification was 0.006 ng. This method
Mikhailov lump ore
Sludge from
26.1 t
is highly linear (r = 0.9999), with 95 %
blast furnace gas
1.
Additives 6.3 t
purification
Blast furnace gas
2.
Fluxes
0.3 t
contaminants
confidence level uncertainty ranging
0.9 t
3. 4.
1.4 t
from 3 to 10 %, depending on range.
1. Ferrous briquette 0.9 t
Blast furnace dust
Within the whole range of variabilHot
blast
2. Converter slag 5.4 t
1.1 t
141.7 t
3. Dolomite 0.4 t
Pig iron
ity of measurement values, the CV4. Limestone 0.5 t
100.0 t
AAS method demonstrates acceptable repeatability and reproducibility.
Similar accuracy values were obtained
Hot blast
for fuel samples (coal and coke). For
other raw materials (limestone, doloAir
136.1 t
mite, ferrous additive), the CV-AAS
Oxygen 3.3 t
Water vapour 2.3 t
method was accurate for mercury conFig. 1. Mass balance of blast furnace process. Stream values are referenced to 100 t
centrations from 1 to 150 μg/kg with
of produced pig iron
relative uncertainty ranging from 2 to
2.5. Statistical analysis
12 %. The highest uncertainty values
The following statistics were calculated for each paramof 20 % were observed for blast furnace slag samples with
eter of the investigated raw minerals and products (clinker
mercury content of approximately 1.3 μg/kg.
and cement): arithmetic mean, standard deviation (SD),
variability coefficient (CV), expected uncertainty at 95 %
3.3. Mercury content in raw materials and products
confidence level.
Table 1 shows analysis results of mercury content in
The measure of reliability for a single examination
collected samples of raw materials, fuels and blast furnace
of an analytical sample is the uncertainty of the result
process products.
considered as the uncertainty that includes: sampling,
Mercury content in raw materials used in the pig iron
preparation of the general sample, preparation of the
smelting process was low, on the order of several μg of
laboratory and analytical samples, and the analysis itmercury per kilogram of raw material. The highest conself. The detailed procedure was described in previous
centration of mercury was determined in lump ore – apwork [37].
proximately 3.3 μg/kg.
High mercury concentration was determined in fer3. Results and discussion
rous briquette, an additive used in the blast furnace process, with values ranging from 99.3 to 102.7 μg/kg.
3.1. Mass balance of blast furnace process
The greatest mercury concentration was determined
Figure 1 shows the mass balance results of the investiin sludge from the blast furnace gas cleaning process,
gated blast furnace. All values were referenced to 100 t of
varying from 79.7 to 327.8 μg Hg/kg. On the other hand,
produced pig iron.
no mercury was determined in the produced pig iron.
Ferrous feedstock is the major raw material (45 %).
A discussion on the presence of mercury in pig iron is
The oxidant (hot blast with a temperature of approxifound in section 3.4. Mercury content in the other major
mately 1050 °C) is present in similar quantity. In order
product – blast furnace gas, is discussed in section 3.5.
to reduce the volume of the oxidant, it consists partly of
pure oxygen (approximately 99.5 % purity). In addition,
3.4. Mercury in pig iron
a small amount of water vapour present in moist air is
Example photographs of analyzed sample areas with the
introduced into the stream. The fuel stream (coke and
elemental analysis are shown on the Fig. 2 and 3. During
bituminous coal) amounts for a little in excess of 14 % of
analysis, special focus was placed on areas of defects in the
all raw materials fed into the blast furnace.
crystal lattice which could potentially contain contamiThe main product, that is pig iron, accounts for somenants, including mercury. As seen in Figure 3, such conwhat less than 30 % of all output streams. The major prodtamination (inclusions) appears, but mercury is not present.
uct stream is blast furnace gas, amounting to approximately
Significant differences were found between the results
of region and spot analyses. This is due to the selection of
62 % of all products. Approximately 16,300 m3 of blast furspecific parts for spot analysis where mercury and other
nace gas is produced with each 1 t of pig iron.
PCI coal
10.4 t
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both fly ash separated in
electro-static filters and
for coke dust separated in
coke plant dust removal
facilities [39–41].
3.6. Mercury distribution
Blast furnace mercury
balance values shown in
Fig. 4 are referenced to
100.0 t of pig iron.
Fig. 2. Scanning microscope photograph and identification of elements present within the whole visible
region covered by the photograph
The highest mercury
load (302.0 mg Hg) is introduced into the process
with fuels: coal and coke,
which introduce 238.7
and 63.3 mg Hg respectively. Thus, coal blown
into the blast furnace
(PCI) is the source of
nearly 43 % of the mercury in the process. The
concentration of mercury in the PCI process was
Fig. 3. Scanning microscope photograph and identification of elements present. The analysis was carried out relatively low, amountin the spot marked with a “+”
ing to 23.0 μg Hg/kg on
average, as compared to
inclusions could be present. Significant deviations from
average mercury content in Polish sub-bituminous and bithe expected values of the elements were observed, but no
tuminous coals, amounting to 104.0 and 75.9 μg Hg/kg on
mercury was found. Similar results of elemental compoaverage [18, 20]. Mercury content in coal injected into blast
sition were obtained during analysis using the Foundry
furnaces is the major factor affecting the quantity of mercury
Master spark spectrometer.
introduced into the process. Coke introduced just under 11%
of total mass of mercury introduced into the blast furnace
3.5. Mercury in blast furnace gas
and the stream volume in absolute terms is stable, amountAverage concentration of gaseous mercury (Hg0 and
ing to 63.3 mg Hg. This is due to a relatively stable value
Hg2+) in blast furnace gas was equal to 2.54 μg Hg/m3, or
of unit consumption of coke (350–400 kg of coke/t of pig
iron) and a low mercury content in coke resulting from the
1.91 μg Hg/kg of gas. Mercury concentration in blast furtechnology of coke production. At a temperature of 1300 K
nace gas is clearly much lower than in another industrial gas
in the coking chamber, practically all of the mercury in the
used in steel plants, namely coke oven gas. Cleaned coke
oven gas contains 3.2–7.5 μg Hg/m3 [18, 36]. Considering
coking coal evaporates, leaving only a few μg Hg/kg in the
that these gases are used as fuel, the emission potential of
produced coke.
blast furnace gas is greater than that of coke oven gas. This
A major stream of mercury (147 mg Hg – approxiis reflected in mercury content in blast furnace gas and coke
mately 23.6 %) is introduced into the blast furnace with
oven gas with respect to their heating values: 0.7 μg Hg/MJ
the ferrous feedstock. Sinter is the major component of
and 0.2–0.4 μg Hg/MJ respectively. Despite this, the factor
this stream. With a mercury concentration of 1.1 μg Hg/kg
is much lower than for solid fuels combusted in the Polish
and a stream share by mass of 27.3 %, this accounts for
energy production sector. For brown and bituminous coals,
18 % of mercury introduced into the blast furnace.
these values are: 4.591 μg Hg/MJ and 21.380 μg Hg/MJ
Additives are another major source of mercury, inrespectively [20].
troducing 105.6 mg Hg (19 %). The major share here is
Blast furnace dust (separated in the inertial dust collector)
contributed by ferrous briquette, with a concentration of
contained from 80.7 to 83.0 μg Hg/kg, while mercury con100.8 μg Hg/kg, introducing 17.8 % of the mercury into
tent in blast furnace sludge (separated in the scrubber) varied
the process.
widely, from 79.7 to 327.8 μg/kg in the analyzed samples. The
Other streams of materials introduced into the process
correlation between dust particle size and mercury content,
contribute marginally to the mercury balance of the analyzed
known from literature [38] was confirmed. The smaller the
system, with a total 558.8 mg Hg/100 t of pig iron.
fraction, the higher the mercury content, adsorbed from the
Due to its high volatility and temperature conditions in
gaseous phase. An analogous relationship was observed for
the blast furnace, practically all of the mercury entering the
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Fig. 4. Mercury flow diagram for blast furnace process

blast furnace evaporates and leaves the furnace in the raw
blast furnace gas stream. During cleaning of blast furnace
gas, blast furnace dust is separated from the gas and sludge is
produced in scrubbers. 90.5 mg Hg are contained in the dust
stream and 24.3 mg Hg are in the sludge.
Cleaned blast furnace gas containing 2.54 μg Hg/m3
(1.91 μg Hg/kg) carries a load of 413.8 mg Hg. This is due to
the greatest share of this stream in the mass balance (62.5 %).
Hence, the total mercury load leaving the blast furnace in raw
blast furnace gas amounts to nearly 94 %. The remaining 6 %
of mercury leaves the blast furnace with slag (37.3 mg Hg). As
described in section 3.4, the main blast furnace product – pig
iron – does not contain mercury.
The concept of emission index of mercury to the atmosphere was not introduced because in the investigated system
such emission did not occur. Emission will occur during
combustion of blast furnace gas, but it will depend on how
the process is carried out (quantity of supplied oxidant) and
on flue gas cleaning facilities used. Emission of mercury to
the atmosphere during the blast furnace process itself may
occur during dust removal from the cast house. However,
this source was outside of the balance boundary of the system
used in the investigation.
Nevertheless, an attempt was made to present actual and
potential emissions of mercury in a production cycle including: (i) sinter preparation (mercury emission index 2.0 mg μg
Hg/t of sinter [11]), (ii) coke production in coking plant (mercury emission index 14.7 mg Hg/t of coke [18]), (iii) combustion
of generated blast furnace gas for energy production (mercury
emission index 1.91 mg Hg/1000 m3 of gas), (iv) steel production process (mercury emission index 0.05 mg Hg/t of steel [10].
Considering the mass balance of the blast furnace process (see section 3.1) and information available in literature
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on preparation of sinter, production of coke
and the steel production process itself [42],
the mercury emission
index was calculated
for the investigated production cycle. Its value
is 10.181 mg Hg/t of
steel, including: (i) sinter preparation 1.622 mg
Hg/t of steel (15.9 %),
(ii) preparation of coke
4.953 mg Hg/t of steel
(48.6 %), (iii) combustion of blast furnace gas
3.557 mg Hg/t of steel
(34.9 %), (iv) steel production process 0.05 mg
Hg/t of steel (0.5 %).
The calculation of the
mercury emission index
from the combustion
of blast furnace gas assumes the combustion of the entire volume of gas and absence of any device for removing mercury from the flue gas.
4. Conclusions
Raw materials fed into a blast furnace introduce
558.9 mg Hg/100 t or produced pig iron. This includes
the following streams: (i) fuels (coal for PCI and coke) –
302 mg Hg/100 t of pig iron (54 %), (ii) ferrous raw materials – 147 mg Hg/100 t of pig iron (26.3 %), (iii) additives –
109.9 mg Hg/100 t of pig iron (19.7 %).
Due to the temperature conditions in the blast furnace
process, practically all mercury introduced with the raw
materials moves to the raw blast furnace gas (93.6 %), while
the remaining 6.4 % remains in blast furnace slag.
After cleaning, blast furnace gas contains 2.54 μg/m3
(1.91 μg/kg) of mercury. Considering that blast furnace gas
is a fuel used in steel plants, its mercury emission potential
equals to 0.7 μg Hg/MJ of heating value. The value of this
index is comparable to coke gas and is more than ten times
lower as compared to Polish hard and brown coals.
Mercury content in the main product of the process,
i.e. pig iron, was below the limit of quantification of the
analytical methods used, i.e. EDS and CV-AAS.
Results of investigations supplemented by available
literature data made it possible to determine the mercury
emission index for the steel production cycle entailing: (i)
sinter preparation – 1.622 mg Hg/t of steel, (ii) coke production – 4.953 mg Hg/t of steel, (iii) combustion of gas
generated in the blast furnace process – 3.557 mg Hg/t of
steel and (iv) the steel production process – 0.05 mg Hg/t
of steel. This results in an overall mercury emission index of
10.181 mg Hg/t of steel.
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