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Abstract: Mercury is considered one of the most harmful ecotoxic elements. A main source of its
anthropogenic emissions is fuel combustion. For fuels with a high mercury content, costly methods
are required to remove mercury from the flue gases. The solution to this problem is to remove mercury
from the fuel before combustion. This can be achieved by a mild pyrolysis process. Solid fuel samples
with relatively high mercury content were examined. These included waste (refuse-derived fuel,
paper, sewage sludge, and rubber), waste wood biomass (hornbeam leaves, pine and spruce bark),
and six coal. The mild pyrolysis process was performed at 300 °C in an argon flow of 500 cm3/min.
The residence time was 30 min. Proximate and ultimate analysis (including mercury content) was
conducted for raw fuels and chars. The process allowed a significant reduction in mercury content
from 36 to 97%. Mercury was most easily removed from biomass and waste with the most difficult
being from coal. The effectiveness of mercury removal was determined by the type of fuel and its
mercury content. The mercury content in the obtained chars was 0.05-3.4 ug Hg/M]J. The use of such
chars will meet current EU emission standards and those to be introduced in the future.

Keywords: waste; biomass; coal; mercury removal; mercury emission

1. Introduction

Mercury is considered one of the most harmful ecotoxic elements [1]. One of the main
sources of its anthropogenic emissions is the fuel combustion process, mainly coal—21% [2].
For example, in Poland, this source accounts for 75% of mercury emissions [3], for nearly
60% of such emissions in North America [2], and for about 37% in China [4]. Mercury
emission limits are enforced to reduce mercury emissions. Such limits have been introduced
for large combustion facilities in the United States, China [5], and the European Union [6].
To meet these standards for fuels characterized by high mercury content, additional meth-
ods are required to remove mercury from flue gases, including SCR (selective catalytic
reduction), sorbent injection, as well as the ultraviolet (UV) oxidation of mercury [7].

Mercury emissions from combustion processes can be effectively reduced by using
fuels with a very low mercury content. Coal washing processes are commonly used [8],
but their effectiveness is limited [9]. A high-quality biomass is a solid fuel character-
ized by a low mercury content. The mercury content of wood is at the level of only a
few ug Hg/kg [10]. There are increasing efforts to protect forests by restricting the use of
wood for energy purposes through appropriate regulations [11]. Instead, waste biomass is
recommended. However, this type of biomass is characterized by a lower quality including
a significantly higher mercury content [12]. For example, the mercury content can be as
high as 43 ug Hg/kg in the bark and up to 67 pg Hg/kg in the leaves [12]. The mercury
content can be much higher in biomass derived from heavily Hg-polluted areas, up to
803 ug Hg/kg [13]. Furthermore, in order to reduce coal consumption, substitution with
alternative fuels produced from waste is being pursued [14]. Waste can be characterized
by very high mercury content. For example, the mercury content in RDF (refuse-derived
fuel) can reach 1476 pg Hg/kg [15], in sewage sludge up to 2540 pg Hg/kg [16], and in
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municipal solid waste up to 46,222 ug Hg/kg [17]. The use of such fuels may result in
increased mercury emissions [15]. Therefore, SRF (solid-recovered fuel) standardization
was introduced for refuse-derived fuels, where one of the main classification parameters is
the mercury content [18].

The solution to this problem is to remove mercury from fuels prior to combustion by a
mild pyrolysis process. In the pyrolysis process, the decomposition of organic matter can
occur, resulting in a decrease in the chemical enthalpy of the fuel [19]. Therefore, the tem-
perature of the process must be limited. The temperature at which thermal decomposition
is acceptable for all solid fuels is 300 °C—mild pyrolysis. For biomass, this is the limiting
temperature of the torrefaction process, above which a significant increase in mass loss is
observed [20]. For most types of waste, mass loss at 300 °C is acceptable, with mercury
releases greater than 80% [21]. For coal, the chemical enthalpy loss at this temperature is
relatively low, up to 10% [19].

The various types of solid fuels (waste, biomass, and coal) are characterized by differ-
ent origins, determining significantly different fuel properties, including mercury content
and thermal behavior [12,19,21]. Comparative studies have not yet been conducted for
this type of solid fuel. The studies were carried out using different types of equipment
and with different process conditions, including temperature, residence time at the final
temperature, and purge gas flow rate. The method of determining the effectiveness of
mercury content decrease also varied. It has also not been determined whether the mercury
content in solid fuels after the mild pyrolysis process will be low enough to meet emission
standards during their combustion in power plants without using additional and expensive
methods to remove mercury from the flue gas. For this purpose, selected waste, biomass,
and coal samples characterized by a relatively high mercury content (>1.0 ug Hg/M]) were
treated by a mild pyrolysis process. The process was carried out at 300 °C on a laboratory
scale. The mercury removal effectiveness, mercury content in chars, and expected mer-
cury concentration in flue gas were determined. The results obtained were related to the
mercury emission limits [6]. Proximate and ultimate analysis of the obtained chars was
also performed.

2. Materials and Methods
2.1. Examined Samples

A wide range of solid fuel samples with relatively high mercury content, i.e.,
>1.0 pg Hg/M], were selected for the study. These included waste (RDEF, paper, sewage
sludge, rubber), waste wood biomass (hornbeam leaves, pine and spruce bark), and coal.
The RDF sample was obtained from the Polish Regional Municipal Waste Processing
Plant (RIPOK). The morphological composition of the RDF sample was as follows: plastic
film—29%, plastics—24%, paper waste—21%, textiles—24%, and dust—2%. The sewage
sludge sample was obtained from a municipal wastewater treatment plant. Dried sewage
sludge was sampled. The car tire chips were used as a rubber sample. The sample was in
the form of car tire chips, with a separated steel belt. The paper sample was obtained from
a household over a period of one month. These were paper goods, tissues, and cardboard
packaging. The coal samples were commercial products—steam coal. All coal was derived
from Polish mines located in the Upper Silesian coal basin. Both subbituminous (coal-1,
coal-2, coal-3) and bituminous coals (coal-4, coal-5, coal-6) were analyzed. Bituminous coal
samples were produced in a washing process and were characterized by relatively high
calorific values (above 29.7 MJ/kg). The biomass samples were waste woody biomass. The
bark and leaf samples were obtained in October during the preparation of firewood for
a household during the fall season. The trees were located in a mountainous area in the
south of Poland, in the Matopolska province. The age of the trees was approx. 30-40 years.
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2.2. Sample Preparation

The biomass, coal, and RDF samples were dried at room temperature to obtain an
air-dried basis. Drying was carried out until the weight of the sample was constant, with
an equilibrium between the moisture content in the sample and the humidity of the air in
the sample preparation room. The remaining waste samples did not require pre-drying.
The sewage sludge sample was taken from the wastewater treatment plant after the drying
process. The RDF and rubber samples were ground using a Freezer/Mill 6870D cryogenic
mill from SpexSamplePrep (Metuchen, NJ, USA). The biomass and paper samples were
ground using an LMN-100 knife mill by Testchem (Pszow, Poland). Samples of coal
and sewage sludge (sample provided in caked form) were ground using a LAB-09-200
cylindrical-ring mill from EKO-LAB (Jasien, Poland). Biomass and waste samples were
ground to under 1.0 mm (sieve size used in the LMN-100 mill), and coal and sewage
sludge samples to under 0.2 mm. The grain size of each sample was determined by its
characteristics, the mills used, and the relevant standards. The sample prepared according
to the given procedure ensured high precision and reproducibility of the results obtained.

2.3. Sample Characteristics

Proximate and ultimate analysis was performed for the samples analyzed, including
moisture (M), ash (A), volatile matter (VM), carbon (C), hydrogen (H), and total sulfur
(St) content, as well as the calorific value. The moisture content was determined using a
Moisture balance MA 110.R by Radwag (Radom, Poland). The ash and volatile matter
content were determined using a muffle furnace. The ash content was determined at 550 °C
for biomass and waste and at 815 °C for coal. To compare biomass and waste samples
with coal, the ash content was also determined for them at 815 °C. The volatile matter
content was determined at 850 °C for biomass and coal and at 900 °C for waste. The lower
calorific value (qp net.ad) Was calculated according to the PN-ISO 1928:2002 standard based
on the higher calorific value determined using an IKA C 6000 calorimeter by IKA-Werke
GmbH & Co. KG (Staufen im Breisgau, Germany). The content of carbon, hydrogen, and
sulfur was determined using a CHS-580 analyzer by Eltra (Haan, Germany). The mercury
content (Hg) was determined using the DMA-80 mercury analyzer by Milestone (Sorisole,
Italy), according to the Milestone procedure. The method of mercury determination was
positively verified using certified reference materials: INCT-MPH-2, LECO 502-687, and
NIST SRM 1633c standards. The relative expanded uncertainty at the 0.95 confidence level
ranged from 1 to 10%.

2.4. Mild Pyrolysis Procedure

The mild pyrolysis process was carried out using the laboratory equipment shown
in Figure 1. The fuel sample was placed in a ceramic boat. The mass of the samples was
determined by the bulk density and ranged from 0.1 (waste paper, RDF) to 1.0 g (coal).
The sample was placed in a tube furnace heated to 300 °C. The temperature of the sample
was continuously controlled. The residence time at the final temperature was 30 min. The
process was carried out in an argon flow of 500 cm®/min. The sample was then removed
from the furnace and cooled. For the chars obtained, analysis was performed as for the raw
samples (Section 2.3).
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Figure 1. Equipment for the thermal pretreatment of waste: 1—argon cylinder; 2—gas reducer;
3—control valve; 4—furnace heating control system; 5—tube furnace; 6—quartz reactor; 7—boat with

sample; 8—thermocouple controlling the temperature of the furnace; 9—thermocouple controlling
the temperature of the sample; 10—cooler; 11—activated carbon filter; 12—laboratory exhaust.

3. Results and Discussion

3.1. Mercury Removal Effectiveness from Solid Fuel Samples Analyzed by a Mild Pyrolysis Process
The characteristics of the samples investigated are shown in Table 1. The fuel samples

analyzed show significant differences in properties, even within a particular group. This

is especially noticeable in the case of waste and coal samples. These differences relate not

only to the mercury content but also to the ash and sulfur content.

Table 1. Characteristics of the samples.

Mad Aad 550 °C Aad 815°C VMad Jp.net.ad Cad Had St.ad Hgad/q .net.ad

Fuel Type Sample ©4) (%) (%) (%) (1}2]/1(g) (%) (%) (%) (ug/ll\)’U )
RDF 29 16.7 14.1 70.46 23,713 56.0 8.44 0.64 322
Waste Waste paper 6.7 15.7 13.2 71.32 14,067 39.5 6.99 0.11 1.3
Sewage sludge 10.6 30.3 255 50.95 12,284 30.6 4.82 1.14 37.6
Rubber 1.4 7.5 5.6 64.24 33,338 80.0 7.83 1.70 1.9
Hornbeam leaves 7.0 4.1 3.1 72.54 16,356 455 6.22 0.12 2.6
Woody Pine bark 9.7 0.9 0.7 61.32 17,900 50.2 5.66 0.02 22
biomass Spruce bark 8.1 1.3 1.0 66.21 17,413 47.7 6.19 0.02 1.0
Coal-1 9.1 ND 7.1 31.94 23,179 63.4 3.79 1.02 1.8
Coal-2 33 ND 29.2 24.22 19,430 53.2 331 0.93 5.0
Coal-3 24 ND 35.2 21.63 18,208 49.6 3.02 0.60 11.1
Coal Coal-4 2.0 ND 8.1 27.83 29,716 78.4 4.80 0.68 22
Coal-5 1.3 ND 6.4 18.94 31,091 83.8 4.40 0.43 1.5
Coal-6 15 ND 10.0 21.10 29,762 79.0 437 0.58 6.4

ad—air-dried basis; ND—not determined.

The mild pyrolysis process at 300 °C allowed a significant decrease in mercury content
regardless of the type of solid fuel analyzed (Figure 2). In terms of mercury content, the
obtained chars can be ranked in the following order:

biomass chars << waste char < coal chars

In some cases, it was possible to achieve a mercury content below 0.1 pg Hg/M]
(hornbeam leaves, spruce bark).
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Figure 2. Comparison of the mercury content in raw fuels and chars obtained in the mild pyrolysis
process at 300 °C.

The effectiveness of mercury removal from the fuel samples analyzed by mild pyrolysis
at 300 °C, determined according to Equation (1), is shown in Figure 3. The estimated
effectiveness was high, ranging from 36 to 97%. Mercury was very easily removed from
biomass (88-96% with an average of 91%) and waste (84-97% with an average of 87%),
with mercury removal from hard coal being the most difficult (36-80%, with an average

of 56%).
Hg raw. _ Hg'" P
o qp,net,ad raw qp net,ad_mp
17Hg - ngaw 100 (1)
qp net,ad_raw
where

1Hg is the mercury removal effectiveness from analyzed fuel samples in mild pyrolysis
process (%);

Hgyyy is the mercury content in the sample before mild pyrolysis (ug Hg/kg);

Hgmp is the mercury content in the sample after mild pyrolysis (ug Hg/kg);

pnet,ad_raw 1 the lower heating values of the sample before mild pyrolysis (MJ/kg);
pnetad_mp 1 the lower heating values of the sample after mild pyrolysis (M]/kg).

The differences obtained for each group of fuels should be explained by differences in
the forms of mercury found in the fuels resulting from their different origins. In biomass,
mercury occurs mainly in organic matter bound to sulfur and as inorganic compounds [22].
Mercury can also be found in particles adsorbed from the air on the surface of leaves and
bark [12]. Despite significant differences in waste origins, mercury is found in similar
forms: biocides [23], printing inks [24], dyes [25], and metal-dye complexes [26]. Mercury
compounds are used as a dye in the production of some types of plastics [27]. Mercury
in waste can occur as organic mercury, elemental mercury, as well as sulfides [28]. In the
case of coals, mercury can be found in both its mineral and organic matter [29]. In mineral
matter, mercury is found mainly in pyrite, which can contain up to 0.47% mercury [30]. It
should be noted that the share of the individual forms of mercury varies and depends on
the origin of the coal and the conditions of coal bed formation [31]. The particular mercury
compounds have different behavior under heating; see Table 2. Up to 300 °C, mercury
compounds characterized by low and moderate-release temperatures are released from
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biomass and waste. In the case of coal, only low-temperature mercury compounds are

released up to 300 °C.
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Figure 3. Effectiveness of mercury removal from analyzed fuel samples by mild pyrolysis at 300 °C
(orange color—waste samples; green color—wood biomass samples; gray color—coal samples).

Table 2. Groups of mercury compounds found in solid fuels characterized by different thermal behavior.

Temperature Range for Mercury Compound Release

Group of Mercury Compounds

Biomass [32] Waste [21] Coal [33]
Low release temperature (LRT) up to 250 °C up to 200 °C up to 300 °C
Medium release temperature (MRT) 200-350 °C 200-300 °C 300-600 °C
High release temperature (HRT) above 350 °C above 300 °C above 600 °C

3.2. Influence of Mercury Content in Fuel Samples Analyzed on Its Removal Effectiveness in the
Mild Pyrolysis Process

According to data from the literature, the main parameter that determines the effec-
tiveness of mercury removal in the pyrolysis process is temperature [19]. With the increase
in pyrolysis temperature, the effectiveness increases. On the basis of the obtained results,
the second important parameter was found to be the mercury content in the fuel sample.
For the relationship between the effectiveness of mercury removal in mild pyrolysis and the
mercury content in the fuel, a significant coefficient of determination at the 0.95 confidence
level (R? = 0.339) was obtained. Higher coefficients of determination were obtained for the
waste and coal subpopulations analyzed separately; see Figure 4 (for the biomass samples
analyzed, no such relationship was obtained, as very high mercury removal effectiveness
was recorded in each case). This can be explained by a similar mechanism of mercury
release within the fuels in the given group. For both waste [21,34] and coals [33,35], a
linear relationship between the activation energy for the mercury release process and the
pre-exponential coefficient from the Arrhenius equation was recorded—a compensation
effect. This means that the course of mercury release within a given fuel group is similar.
The different slopes of the trend line (Figure 4) and the increase in the coefficient of deter-
mination for the analyzed fuel groups separately suggest that the differences in mercury
occurrence between fuel types are significant.
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Figure 4. Relationship between the effectiveness of mercury removal in the mild pyrolysis process
and the mercury content in raw fuel.

3.3. Possibility of Reducing Mercury Emissions through the Use of Chars Obtained from the Mild
Pyrolysis Process

The low mercury content in chars will result in relatively low mercury concentrations
in the flue gases. Figure 5 shows the calculated mercury concentration in the raw (untreated)
flue gases, assuming that all the mercury in the fuel is released into the flue gases. The
calculated concentration of mercury in the raw flue gases ranged from 0.1 to 9.2 pg Hg/Nm?®.
In most cases, mercury concentrations would meet emission levels established in the EU. For
sewage sludge char only, the mercury concentration in the flue gases is higher, but it would
still be within acceptable levels for a power plant fueled with lignite (<10 ug Hg/Nm?3 [6]).
For comparison, calculated mercury concentrations in the flue gases for raw fuel combustion
ranged from 2.6 to 106.8 ug Hg/Nm? (dry, 6% O,) for spruce bark and sewage sludge,
respectively. The use of chars will also significantly reduce mercury emissions from the
cement production process, where waste-derived fuels are mainly used [36].

It should be noted that the results presented refer to the amount of mercury completely
released into the raw, untreated flue gases. Under industrial conditions, from 0.1 to 0.9%
of the mercury remains in the bottom ash/slag [37]. Additionally, a significant amount of
mercury is effectively removed from the flue gases during the cleaning process [7]. The
particulate removal devices themselves allow mercury removal from 2 to 84%, which is
adsorbed by fly ash [37,38]. Therefore, the real concentrations of mercury in the flue gases
will be much lower. This will allow power plants to meet the mercury emission regulations
without the need to implement additional methods of mercury removal from flue gases,
including the use of the sorbent injection method [39], which is costly [40].

As mentioned in Section 3.1, mercury can occur in solid fuels in various forms: mineral
constituents, organic compounds, or as elemental mercury. Depending on the mercury
compound, evaporation, decomposition, or sublimation may occur during heating [41].
All of these forms are harmful [1] and must be removed from process gases. This requires
the use of sorbents. However, it is less costly than removing mercury from flue gases,
because its concentration in process gases is significantly higher [42]. This solution allows
the use of a fixed bed of sorbent [43], as well as the regenerable sorbents [44], which will
also reduce costs.

The use of sorbents to remove mercury from process gases results in the generation of
mercury-containing waste (spent sorbent). A widely used method of their management
is disposal. Mercury sorbents must be characterized by the high stability of the captured
mercury. Commonly used activated carbons allow mercury to bind highly stably and re-
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main immobilized during disposal [45]. Therefore, the use of mercury sorbents ensures the
effective removal of mercury from the environment. To reduce the amount of waste sorbent
generated, activated carbons can be regenerated [46]. Mercury released in the regeneration
process can be effectively stabilized and solidified by amalgamation or complexation with
sulfur in the form of cinnabar [47].
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Figure 5. Relationship between mercury content in analyzed samples after mild pyrolysis process and
calculated mercury concentration in raw flue gases (different shades of blue background represent
the emission levels of mercury emissions to air from the coal combustion applicable in the European
Union according to BAT-LCP [6]).

3.4. Additional Benefits of the Mild Pyrolysis Process

The use of the mild pyrolysis process of solid fuels has the additional benefits of
increasing the calorific value and reducing the content of sulfur, moisture, and volatile
matter; see Table 3. The moisture content obtained in the chars was up to 2.5% for waste, up
to 1.1% for coals, and 0.5% for biomass. In most cases, the mild pyrolysis process resulted
in a decrease in the sulfur dioxide emission factor (Figure 6). The decrease in the emission
factor should be explained by both the decrease in the sulfur content and the increase in the
calorific value of the chars. Only for pine and spruce bark and coal-3 chars, did the factor
not decrease. In the case of the biomass samples, the sulfur content was at a very low level
(0.02%), and in the case of the coal-3 sample, sulfur could be found in significant amounts
in the mineral matter, mainly in pyrite. Pyrite decomposition occurs above 600 °C [48].
As a result of the partial decomposition of the organic matter, the mineral matter was
concentrated, as was noted, by an increase in the ash content. The highest increase in
the ash content was recorded for RDF, which was 22 pp (dry basis). Significant increases
were also observed for waste paper and sewage sludge, 13 and 11 pp, respectively (dry
basis). For other fuels, the increase was less than 1.3 pp (dry basis). Except for RDF and
rubber samples, where there was an increase in the calorific value. The highest increase
was recorded for the pine bark sample, which reached 4.5 MJ/kg. For the rubber sample,
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a slight decrease in calorific value was noticed, but it was within the repeatability limit.
In the case of RDF, there was a decrease in the calorific value due to a significant increase
in the ash content. Such a phenomenon is well known [49]. At 400 °C and above, the
calorific value of RDF decreases significantly to a level of a few MJ /kg [50]. This should be
explained by the rapid decomposition of paper, textiles, and plastics [21], which are the
main fractions of RDF. Significant mass loss of RDF results in an increase in ash content
up to 80% [50]. A higher calorific value was obtained for rubber char than for industrial
chars obtained from pyrolysis of used car tires at 500-550 °C, which is 26-28 M] /kg [51]. In
the case of using the chars from the mild pyrolysis process in the gasification process, it
is necessary to perform relevant kinetic studies, because the pyrolysis process affects the
reactivity of the obtained chars [52]. This is especially relevant for biomass and waste chars,
for which a significant reduction in volatile matter content was recorded: from 4 to 27 pp
(dry basis). For the coal samples analyzed, the decrease in the volatile matter content was
negligible, below 2 pp (dry basis).

Table 3. Proximate or ultimate analysis of chars obtained by mild pyrolysis of analyzed fuel samples
at 300 °C.

Sample Maq A,q 550 °C A,q 815°C VM4 Ap.net.ad Cad Haq Stad
(%) (%) (%) (%) (kJ/kg) (%) (%) (%)
RDF char 1.1 38.6 32.5 53.33 21,238 51.7 6.42 0.49
Waste paper char 2.5 29.1 24.5 54.47 15,697 444 3.97 0.07
Sewage sludge char 25 44.0 37.1 37.82 13,516 35.0 3.37 0.96
Rubber char 0.7 8.6 6.4 60.88 33,261 79.0 791 1.50
Hornbeam leaves char 0.5 5.4 4.0 65.48 20,341 53.4 6.15 0.13
Pine bark char 0.5 1.1 0.8 61.19 22,396 58.3 5.71 0.02
Spruce bark char 0.5 1.9 14 64.17 21,292 57.1 6.23 0.02
Coal-1 char 1.1 ND 74 32.70 26,189 71.2 4.08 0.82
Coal-2 char 0.6 ND 29.3 23.38 20,338 56.0 3.27 0.95
Coal-3 char 1.1 ND 37.0 20.86 18,378 50.7 2.96 0.61
Coal-4 char 04 ND 6.9 28.10 30,494 80.3 4.73 0.68
Coal-5 char 0.6 ND 6.6 18.88 31,771 83.9 417 0.42
Coal-6 char 0.4 ND 10.0 21.18 30,113 82.8 4.49 0.51
ad—air-dried basis; ND—not determined.
Hraw fuel M charat300°C

SO, emission factor [g/M]]

Figure 6. Comparison of the sulfur emission factor for raw fuels and chars obtained in the mild
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4. Conclusions

The mild pyrolysis process leads to a significant decrease in mercury content. Its
removal effectiveness ranged from 36 to 97%. Mercury was easiest to remove from biomass,
slightly more difficult to remove from waste, and most difficult to remove from coal. The
average effectiveness was 91, 87, and 56%, respectively. The mercury content in the chars
ranged from 0.05 to 3.4 ug Hg/M]J. The effectiveness of mercury removal from the samples
analyzed was determined by the type of fuel (biomass, waste, and coal) and the mercury
content. As the mercury content in the fuel increased, its removal effectiveness increased.
This was particularly noticeable within a particular fuel group. This should be explained by
differences in the mode of mercury occurrence in the fuels of a given group and differences
in their thermal behavior. The use of chars obtained in the mild pyrolysis process will
meet EU emission standards (BAT-LCP). The use of chars derived from the mild pyrolysis
process of solid fuels will allow power plants to meet the emission standards for large
combustion plants adopted in the European Union, which will contribute to a significant
reduction in mercury emissions. The calculated concentration of mercury in the raw flue
gases ranged from 0.1 to 9.2 ug Hg/Nm?. It is therefore possible to meet the standards
without the adoption of additional methods of removing mercury from flue gases, such as
sorbent injection. This is a promising solution to meet the more stringent limits that may be
enforced in the future.
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