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Abstract: The paper describes the possibilities of simple and effective modification of calcium
sorbents used for flue gas desulfurization with a size between of 125–250 µm. The additives to
the sorbents in the amount of 0.5% and 1.0% were inorganic sodium and lithium compounds. The
research on the reactivity of sorbents was analyzed in the process of simultaneous calcination and
sulfation at the temperature of 850 ◦C. The type of Na+ or Li+ cations and the inorganic salt anions
have an influence on the modification of calcium sorbents in order to improve the efficiency of the
calcination and sulfation process. Modification of calcium sorbents by adding inorganic sodium and
lithium compounds, regardless of the amount, changes the reactivity coefficient RI [mol/mol] and
the absolute sorption coefficient CI [g S/kg sorbent]. In the case of inorganic sodium salt (Additive 1),
regardless of the amount of modifier added, there was a visible improvement in the reactivity of
the sorbent: 1.0% of the additive caused an increase in the RI coefficient in relation to the raw
sorbent by over 14%, and in the case of the CI coefficient by over 24%. Additional research was the
analysis of the limestone behavior mechanism during the simultaneous calcination and sulfation
(SCS) process under conditions of elevated temperature and with variable CO2 and O2 contents in
the flue gas. The behavior of sorbents with a size distribution of 125–250 µm was assessed on the
basis of the change in mass of the samples by determining the reactivity coefficient RI, [mol/mol]
and the absolute sorption coefficient CI, [g S/kg sorbent]. Using the mercury porosimetry technique,
the change in sorbent porosity in the subsequent stages of the simultaneous calcination and sulfation
process was investigated. The process was carried out in the temperature range corresponding to the
oxy-combustion (i.e., from 850 ◦C to 1000 ◦C).

Keywords: calcium sorbents; desulfurization; chemical modification; oxy-fuel combustion; porosity

1. Introduction

As a member of the EU, Poland must comply with the laws in force in the member
states. Implementation of Directive 2001/80/EC resulted in the need to reduce the emis-
sions of pollutants introduced into the air [1]. Directive 2010/75/EU of the European
Parliament and of the Council of 24 November 2010 also introduced new restrictive SO2,
NOx, and dust emission standards, with particular emphasis on fired sources of carbon [2].
The data included in Table 1 presenting the amount of pollutant emissions in the years
2012–2020 indicate that the emissions have decreased [3]. The introduction of new legal
regulations should result in a further, significant reduction in pollutant emissions. Taking
into account the important role of sorbents in the process of exhaust gas purification,
research on the use of new sorbents or their modification is constantly carried out. As a
result, these activities are leading to desulfurization products being obtained with better
possibilities for their safe storage and a reduction in SO2 and NOx emissions so that they
meet the standards on emissions industrial—the IED (Integrated Pollution Prevention and
Control) [2]. Table 1 presents the results of the analysis carried out by the National Center
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for Emission Management and Balancing, and concerns the projected emissions from large
fuel combustion sources by 2020 [4].

Table 1. Projected emissions from large combustion plants (as defined in the IED Directive). Own
study based on [4], TSP-total suspended particulate.

SO2 Emissions, Mg NOx Emissions, Mg TSP Dust Emissions, Mg

2012 year 403,759 243,755 23,910
2020 year 199,975 143,297 14,784

1.1. The Use and Application of Calcium Sorbents in Polish Power Plants

Limestones are sedimentary rocks consisting mainly of calcite—CaCO3 [5]. Due to
their binding properties, limestone has been used since antiquity, mainly gypsum and
calcium carbonate. Calcium is a widely distributed element and ranks fifth in terms of its
content in the Earth’s crust [6]. There are numerous types of limestone in Poland, except
the noblest varieties of sculptural and architectural marble. For the lime industry, limestone
deposits are mainly found in the Świętokrzyskie Voivodeship (60% of total resources,
mainly Devonian and Jurassic limestones), Łódzkie, Opolskie, and Śląskie voivodeships,
their total resources, located in 120 deposits, amounted to 5591 million Mg at the end
of 2014 [5,7,8]. Considering the age of the limestone, Jurassic limestones are the most
important, they constitute over 59% of the resources, the next are Cretaceous limestones
accounting for 21% of the resources, Devonian limestones about 8%, Triassic limestones
about 8%, Tertiary limestones about 3%, and a small number of resources are limestones of
the Carboniferous, Cambrian, and Precambrian ages [5,9]. High-quality limestone is used
for the production of lime sorbents, which are used to reduce SO2 emissions. Limestones
that provide good flue gas desulfurization effects are characterized by high chemical purity,
content of CaCO3 of at least 94%, Fe2O3 most often below 0.4%, and MgO < 0.1% with a
variable SiO2 content [5,10].

All methods of removing sulfur dioxide from flue gas consist of introducing a sorbent
into the system, which reacts with gaseous SO2 to form solid compounds with it (CaSO3,
CaSO4 mainly, CaSO4·2H2O, which is formed after the CaSO4 hydration reaction), while
the reaction products are removed from the system. The most commonly used sorbents are
limestone flour, hydrated lime, and ground quicklime. Less commonly used are ground
dolomite, calcined magnesite, and sodium carbonate. Industrial waste (e.g., carbide lime),
is used sporadically. The most numerous group of reagents used in flue gas desulfurization
installations are lime sorbents; in Poland, the wet lime method and fluidized bed boilers are
mainly used, less often in semi-dry and dry methods. Lime sorbents in the Polish power
industry are used in 99% of the existing FGDs (flue gas desulfurization) installation due to
the widespread availability, low purchase cost, and easy disposal of some products (e.g.,
synthetic gypsum obtained in the case of using the wet lime method) [5,11,12].

1.2. Modification Methods Used to Improve the Reactivity of Calcium Sorbents

The reduction in pollutants from the combustion of solid fuels, especially in the case
of sulfur compounds, is achieved by binding them with calcium sorbents. The methods
of improving the performance of sorbents (i.e., their reactivity) consist, in particular, in
improving the quality of natural sorbents and reusing solid combustion products (Table 2).
Depending on their origin, sorbents used for flue gas desulfurization differ in their reactiv-
ity, which is their efficiency in binding SO2 [13,14].
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Table 2. Methods of improving the reactivity of calcium sorbents [15–17].

Methods and Technologies Process Assumptions Benefits

Mechanical processing

The surface of the limestone grains cracks,
breakthroughs appear, which prevents

sintering processes and closing the pores,
as a consequence of stopping the

calcination process.

Possibility of reusing the sorbent that
becomes activated as a result of

mechanical activation by degradation of
the CaSO4 layer.

Chemical processing

The process of adding various types of
compounds or elements to sorbents, which

leads to an increase in the chemical
reactivity of the sorbent by creating a thin
layer of eutectics preventing the formation

of CaSO4 and facilitating the diffusion
of gases.

The ability to control the quality of
sorbents by the type of added modifier

and its percentage.

Use of solid combustion products Fly ash or bottom ash is recirculated back
to the boiler’s combustion chamber.

Extending the time of stay increases the
degree of conversion of the limestone
used as well as the burning of volatile

parts contained in the ash.

There are also many methods of improving the degree of utilization, in which fly and
bottom ashes are properly prepared and conditioned before re-introducing into the furnace
chamber of the boiler. These methods are called ash reactivation methods, and the main
ones are:

• grinding ashes, which causes grains to break and new surfaces to form, in the case of
larger sorbent grains;

• hydration of ashes, under the influence of water or water vapor, as a result of which
the CaSO4 structure is broken and sorbent grain fragmentation [16]; and

• pelletization of ashes and mixtures with fresh limestone or fuel [18].

The main reaction that takes place during the hydration process is (1):

CaO + H2O→ Ca(OH)2 (1)

As a result of the reaction, the structure of Ca(OH)2 is broken and grains are frag-
mented. When introduced into the combustion chamber, it decomposes according to the
reaction (2):

Ca(OH)2 → CaO + H2O (2)

Too long a hydration time may lead to the reaction of the used sorbent with ash compo-
nents, which will remove active Ca(OH)2. To avoid this undesirable phenomenon, sorbent
reactivation technologies should be carried out under strictly controlled conditions [18].
Pelletization consists of combining the above methods, extending the residence time of the
reactive material and obtaining high porosity (macropores), which improves the contact
of SO2 with CaO grains, which leads to a high degree of calcium utilization [15,18]. The
study in [16] presents an analysis of the possibility of pelleting mixtures of wet ash mass
together with fuel, sorbent, or other solid materials (e.g., fly ash or incinerated waste).
Thus, a reactive dry product that was easy to transport was obtained. Calcination releases
CO2 from calcium carbonate, resulting in the formation of a porous product (i.e., CaO). As
a result of high temperature, the formed CaO may sinter, creating eutectics with sorbent
impurities [17]. The presence of impurities (additives) in the sorbent has a positive effect
on the sulfation process. According to Fuertes and Fernande [19], additives, most often in
the form of carbonates, increase the reactivity of sorbents in the following order (the most
common compounds in sorbents are given):

Na2CO3 > Li2CO3 > K2CO3 > Na2SO4 > . . . .> NaCl > . . . . > Al2(SO4)3 (3)
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The presence of these compounds in calcium sorbents affects the reactivity through
their catalytic effect on the process of calcium carbonate sulfation or lowering the decom-
position temperature of calcium sulfate (VI). The thermal stability of CaSO4 is an important
aspect taking into account the fact that calcium sorbents are introduced into the combustion
chamber during the combustion process. Therefore, to optimize flue gas desulfurization
along with the reactivity of sorbents, it is required that the sulfates produced as a result of
the process are stable and exhibit temperature stability. The reactivity of sorbents may be
determined by their natural properties, resulting from the deposit they come from, and
this information, in turn, allows us to indicate new possibilities of modifying sorbents. In
this context, the literature offers numerous examples of increasing the sorption of SO2 onto
CaCO3 by adding various types of additives, mainly alkaline compounds [20–22]. The
presence of impurities influences the texture characteristics (porosity and surface area) of
CaO formed during calcination of limestone particles due to the sintering of the resulting
CaO grains, accelerated by the presence of foreign ions. Consequently, the modification of
calcium sorbents occurs by changing the textural properties during the calcination stage
and modification of the internal structure of CaCO3.

1.3. The Role of Calcium Sorbents in the Oxy-Fuel Combustion-OFC Process

Oxyfuel (oxy-fuel combustion, OFC) is a promising technology aimed at reducing
greenhouse gas emissions. The application of this process makes it possible to capture and
store carbon dioxide. The course of this process is that during a typical oxygen combustion
process, the exhaust gases are recirculated and mixed with high purity oxygen. Almost
pure CO2 is obtained in the flue gas, which makes it possible to directly store this gas
without the need for the special capture of CO2 from the flue gases, as is the case with flue
gases from traditional boilers. As a result of exhaust gas recirculation, the concentration
of carbon dioxide in the furnace chamber is increased by up to 95% by volume [23]. As a
large proportion of the exhaust gas is recirculated, the concentration of pollutants such as
SO2/SO3 also increases. To eliminate the problems associated with the presence of sulfur
oxides, the exhaust gas has to be cleaned. In conventional air combustion, sulfur removal
with calcium carbonate includes calcination and sulfation processes [24,25]. The course of
the calcination process according to reaction (4) depends on the partial pressure of CO2
and the temperature of CaCO3 particles [26].

CaCO3 → CaO + CO2 (4)

The sulfation process takes place according to the processes (5–6):

CaO + SO2 + 1/2O2→ CaSO4 (5)

CaCO3 + SO2 + 1/2O2→ CaSO4 + CO2 (6)

The process (5) describes the so-called indirect sulfation process. Direct sulfation
taking place according to reaction (6) is the basis for analyzing the mechanism of sulfur
capture processes during oxygen combustion. As shown in the literature, the process
described by reaction (6) has the greatest effect on sulfation under conditions of increased
O2/CO2 concentration. In this case, gas diffusion plays an important role, which is the
element controlling the processes. Based on the important role of sorbents for flue gas
desulfurization in the process of traditional combustion and oxy-fuel combustion, the
influence of various additives (inorganic salts) on increasing the amount of sulfur dioxide
that can be adsorbed by the sorbent was investigated. Moreover, the influence of the pres-
ence of inorganic salts on the efficiency of the calcination and desulfurization process was
investigated by analyzing the reactivity coefficient RI and the absolute sorption coefficient
(CI). Knowing the initial and final mass as well as sulfur content in the initial sample and
after the sulfation process, it is possible to determine the absolute sorption coefficient (CI)
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of the sorbent expressed in units of grams of sulfur bound by kg of sorbent. The following
formula was used to determine this coefficient

CI = 10Sk

(
mk
mp
−

Sp

Sk

)
(7)

where CI is the absolute sorption coefficient, g S/kg; Sp, Sk is the sulfur content in the initial
and final sample, %; and mp, mk is the initial sample weight, final sample weight, g.

To determine the reactivity coefficient (RI), which is the number of moles of calcium
needed to bind a mole of sulfur, expressed in units of mol Ca/mol S, the following formula
was used:

RI =
32mpCa0

40mkSk

(
1− mpSp

mkSk

) (8)

where Ca0 is the calcium content in the sorbent, %.
Additionally, the behavior of CaCO3 during the aerobic combustion of solid fuels

has been described. Tests were carried out on the reactivity of calcium sorbents under
conditions simulating oxygen combustion, where the CO2 content gradually increases
(from 20% to 70%) with a constant SO2 content in the temperature range from 850 ◦C to
1000 ◦C. A diagram of changes in the porosity of the limestone particle was proposed
based on structural changes for given process conditions. The mechanism of this process
was described based on the analysis of changes in the porosity of limestone particles at
individual stages of the simultaneous calcination and sulfation process during oxygen
combustion.

2. Materials and Methods
2.1. Research Material

The research used the sorbent fraction 125–250 µm, which was separated from the
fraction 90–400 µm, which is commonly used in the Polish power industry. The composition
of the sorbent is shown in Table 3.

Table 3. Chemical composition of the sorbent used in the tests, %wt.

Component [%]

Sorg (organic sulfur) <0.01
SO3 <0.1
SiO2 2.31

CaO free 0.29
Fe2O3 0.38
Al2O3 0.1

CaO total 53.97
LOI * 41.88
MgO 0.68
Na2O 0.05
K2O <0.02
P2O5 0.01
TiO2 <0.2

* Loss on ignition (LOI).

2.2. Apparatus

The reactivity tests were carried out on a stand specially prepared to test the reactivity
of the sorbents. The configuration of the system and the organization of the gas flow
allowed for the tracking and registration of changes in the mass of sorbent samples, not
disturbed by the gas flow. The main part of the stand is a sealed laboratory furnace,
electrically heated (heaters power 1.8 kW) and enabling the temperature inside the range
to be kept up to 1100 ◦C. The accuracy of the temperature control was ±10 ◦C. The length
of the furnace chamber was 220 mm and its diameter was 110 mm. A thermocouple was
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installed near the tested sample to control the temperature of the process. The exhaust gases
were led to the environment through the exhaust gas duct. Indications of the measuring
instruments were archived in a PC using an analog-to-digital converter. The layout of the
stand is shown in Figure 1.
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Figure 1. Measuring stand for the sorbent reactivity tests [14,27].

2.3. Methodology

Synthetic flue gases were supplied to the furnace interior, the composition of which
was selected and maintained during the measurement at the present level using automatic
O2, CO2, and SO2 flow controllers. The synthetic flue gas stream was 5 L/min. The test was
carried out for the concentration of gases provided in the test of the reactivity of calcium
sorbents: CO2: 16%; SO2: 1870 ppm; O2: 3%; the rest was N2. Before the sorbent sample
was introduced into the furnace, the exhaust gas components were pre-mixed in a mixer.
The sorbent was tested, the chemical composition of which is presented in Table 4. The
initial weight of the sorbent sample was 0.10 ± 0.02 g. The sorbent sample, granulated in
accordance with the requirements of the reactivity test 125–250 µm, was placed on the arm
of an electronic balance (see Figure 2) [14]. The balance arm was terminated with a specially
made nickel mesh, constituting support for a cuboid made of porous glass wool, Al2O3
(Sibral®). The use of Al2O3 with high porosity was aimed at ensuring a high degree of
dispersion of the sorbent grains to eliminate restrictions in the access of gaseous substrates
to the surface of the grains during the reaction and product effluent (e.g., CO2). After the
glass wool with the sample was placed on the balance arm, it was then introduced into the
furnace heated to the preset temperature (850 ◦C). The sample was fed into the reactor by
moving the furnace on the running gear (Figure 2).

In Table 4, the experimental conditions under which the analysis of the weight changes
of the calcium sorbent samples were carried out to estimate the reactivity coefficient
RI, [mol/mol] and the absolute sorption coefficient CI, [gS/kg sorbent] are presented.
The formulas according to which the coefficients were calculated are presented in the
publication [14,28].
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Table 4. Experimental conditions used for the analysis of sorbent properties during oxy-combustion.

SCS Process Temperature %Vol. CO2 %Vol. O2 SO2, ppm

850 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C 20 80

3000850 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C 50 50

850 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C 70 30
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Figure 2. Method of placing a test sample on an electronic weighing pan [12].

The course of the simultaneous calcination and sulfation (SCS) test consisted in placing
the sorbent in a furnace heated to the appropriate temperature for 60 min in a mixture
of gases, the composition of which is given in Table 5. The tests of the sorbent reactivity
were carried out for various shares of CO2 and O2 (20/80%, 50/50% and 70/30%), with
a constant SO2 concentration of 3000 ppm. The SCS process was carried out at selected
temperatures from 850 ◦C to 1000 ◦C for the range of 50 ◦C. The test results are presented
as changes in the degree of calcination (Xc) and sulfation (Xs

Total) over time. The degree
of calcination and the degree of sulfation of sorbents were calculated using the formulas
included in the publication [28]. An exemplary graph of the change in sorbent mass during
the SCS test is presented in Figure 3.

Table 5. Values of the reactivity coefficient RI and the absolute sorption coefficient CI.

Sorbent RI [mol/mol] CI [g S/kg Sorbent]

raw 3.85 76.4

Additive I (1%) 3.3 95.3
Additive I (0.5%) 3.27 90.1

Additive II (1%) 4.23 74.9
Additive II (0.5%) 3.77 81.4

Additive III (1%) 3.82 82.4
Additive III (0.5%) 3.4 92.3
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Figure 3. An example of the mass change process during the SCS test, indicating the results of the
approximation of the calcination and sulfation processes.

The change in sorbent mass recorded during the test was approximated by the formu-
las [26,27] based on the determined approximation equation, the calcination degree (Xc),
and the sulfation degree (Xs

Total) were distinguished. Assuming the degree of calcination
as the amount of calcium carbonate related to the total content of calcium carbonate in the
sample, and that all carbon compounds are decomposed and it is possible to have bound
carbon in the form of calcium carbonate, the formula for the degree of calcination can be
derived according to Equation (9)

Xc = 1− Ck
η · Ca0 ·

mk
m0
· MCa

MC
, (9)

where Xc is the degree of calcination; MCa, MC is the molar mass of calcium and carbon,
g/mol; mk, m0—final and initial sample weight, g; η is the sorbent purity; Ck is the carbon
content in the final sample, %; and Ca0 is the calcium content in the initial sample, %.

Similarly, assuming the degree of sulfation as the amount of calcium sulfate relative to
the total conversion of CaO to CaSO4 and assuming that after entering the furnace, the only
sulfur compound present in the sorbent is CaSO4, the conversion rate of CaO to CaSO4 can
be calculated according to formula (10)

Xs
Total =

Sk
η · Ca0 ·

mk
m0
· MCa

MS
, (10)

where Xs
Total is the degree of sulfation; Ms is the molar mass of sulfur, g/mol; and Sk is the

carbon content in the final sample, %.
During the SCS process, calcination may occur throughout the test, but will be most

intense at the beginning of the process. The course of calcination and its rate strongly
depends on the temperature. The sulfation process begins almost immediately after the
sorbent is introduced into the station, as soon as CaO becomes available for SO2, resulting
from the calcination process. The speed and rate of the sorbent sulfation process are
indirectly temperature dependent through a calcination process that limits the amount of
CaO available.

Measurements of changes in the porosity of calcium sorbents during the process were
carried out using a mercury porosimeter PoreMaster 33 equipped with Quantachrome



Minerals 2021, 11, 1284 9 of 19

Poremaster for Windows software 7.01. The tests with the use of a mercury porosimeter
were carried out three times for each of the tested sorbent samples.

3. Results and Discussion
3.1. The Effect of Additives Modifying Sorbents

The reactivity of the raw sorbent (i.e., the one that is mined in a limestone mine) was
initially tested. The course of the loss of mass is shown in Figure 4. The graph shows the
change in the mass of the sorbent sample during the reactivity test. In the first phase of the
test, the sorbent sample is calcined. The sorbent sample is exposed to high temperature
in an atmosphere of N2, CO2, and O2 gases. After calcination is complete, SO2 is added
to the atmosphere in which the sample is located and the sulfation step is started, which
is seen as the weight of the sample increases. The sulfation process took 60 min. In
Figure 4, an exemplary mass change curve during the reactivity test using the example of
an unmodified sorbent is shown. The initial sample weight and the final sample weight
are needed to calculate the reactivity coefficient RI [mol/mol] and the absolute sorption
coefficient CI [g S/kg sorbent].
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Figure 4. An example of a course of mass change during the reactivity test on the example of a raw
sorbent sample.

The raw sorbent samples were modified by adding Additive 1 in the amount of 0.5%
and 1%. Additive 1 was Na2CO3, Additive 2 was LiOH, and Additive 3 was Li2CO3. The
test was carried out for the concentration of gases provided in the test of the reactivity of
calcium sorbents: CO2: 16%; SO2: 1870 ppm; O2: 3%; the rest was N2. The furnace was
heated to the temperature of 850 ◦C. After the addition of the additive, the sorbents were
intensively mixed, and the samples obtained in this way were subjected to the reactivity
test as in the case of the raw sorbent sample. The weight change results recorded during
the reactivity test are shown in Figure 5a. It can be concluded from the course of the test
that the addition of Additive 1 in the amount of 0.5% and 1% improved the reactivity of
the sorbent. The RI ratio increased relative to the raw sorbent by more than 14% with the
addition of 1%, and by more than 15% with the addition of Additive 1 in the amount of
0.5%. In the case of the CI coefficient, this increase was even higher and amounted to over
24% for the additive in the amount of 1% and almost 18% for the additive in the amount
of 0.5%. The addition of Additive 2 to the sorbent in the amount of both 0.5% and 1%
resulted in a smaller increase in the mass of the sample during the sulfation phase, which
is visible in Figure 5b. The lower weight gain caused by the lower amount of adsorbed
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SO2 resulted in a reduction in the RI coefficient relative to the raw sorbent by 10% for
the addition of 1% and by 2% for the addition of 0.5%. For Additive 2, the results of the
absolute sorption coefficient CI also decreased relative to the raw sorbent by 2.1% and
5.5%, respectively, for the additives 1% and 0.5%. In the case of Additive 3, the recorded
changes in weight showed that depending on the amount of additive, the obtained results
may differ significantly (Figure 5c). In the case of Additive 3 in the amount of 0.5%, the
amount of adsorbed sulfur increased significantly by over 11%, which is visible in Figure 5c.
However, in the case of adding 1% of Additive 3, the amount of adsorbed practical sulfur
did not change (increase by 0.8%). Additionally, the CI increased by more than 20% with
0.5% of Additive 3, and with 1% of Additive 3, the increase was much smaller at 7.7%.
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Figure 5. The course of mass changes during the reactivity test for the raw sorbent, and (a) the sorbent modified with
Additive 1 in the amount of 0.5% and 1%; (b) sorbent modified with Additive 2 in an amount of 0.5% and 1%; (c) sorbent
modified with Additive 3 in an amount of 0.5% and 1%.

In Figure 6, the change in the RI coefficients values is shown, where the largest was
associated with Additive 1 both in the amounts of 0.5 (by 15.1%) and 1% (by 14.3%). Then,
the sorbent with Additive 3 in the amount of 0.5% (by 11.8%) also reacted positively. The
same addition, but in the amount of 1%, practically did not change the RI index. The
addition of Additive 2 to the sorbent decreased its reactivity. Similar changes in values
were observed in the case of the absolute sorption coefficient CI. Additionally, in this case,
Additive 1 performed the best, both in the amount of 0.5 (by 17.8%) and 1% (by 24.6%).
Additive 3 also significantly improved the CI by 0.5% (by 20.8%). Additive 3 in the amount
of 1% improved the CI only by 7.7%, while Additive 2 in both 0.5 and 1% resulted in a
deterioration of the absolute sorption.
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Figure 6. Changes in the RI and CI coefficient depend on the type and amount of the additive.

The promoting effect of additives can be better understood given the role that contam-
inants play in the sulfation reaction. Slaughter et al. [29] explained the positive effect of the
presence of sodium compounds, which react with CaO, causing physical changes in the
structure and increasing the degree of surface development, thus increasing the number
of contact points of calcium oxide with exhaust gases. On the other hand, a possible
mechanism to promote the calcination and sulfation process proposed by Wang et al. [24]
is based on the volatilization of alkali, the formation of sulfates, transport to the surface
of the sorbent, and the formation of a fused layer due to the formed eutectic. According
to these authors, the transport of SO2 and O2 to and through the melt was faster, which
favors the improvement of the sulfation rate. Another possible interpretation of the effect
of promoting pollutants (additives) was given by Borgwardt [20]. The author believes that
the effect is a consequence of increased solid-state diffusion by foreign ions (improved ion
exchange). This causes network defects and promotes the movement of ions.

3.2. Study on the Behavior of Sorbents under Simultaneous Calcination and Sulfation (SCS)

The sorbents were tested under conditions of simultaneous calcination and sulfation
(SCS). In this test, in contrast to the classic test of the reactivity of calcium sorbents, during
which the calcination and sulfation processes are carried out separately, the reactivity of
sorbents in the exhaust gas containing SO2 and CO2 was examined. The simultaneous
calcination and sulfation test allowed for more accurate reproduction of the conditions
prevailing in a fluidized bed boiler, where the sorbent is fed directly with the fuel to the
combustion chamber, and the calcination and sulfation processes run simultaneously [30].
For CO2/O2 shares of 20/80% (Figure 7a), it can be observed that the Xc calcination
for the temperature of 850 ◦C proceeds practically throughout the entire test. As the
calcination front proceeded, the sulfation front also ran, which is shown in Figure 7b.
Sulfation proceeded at the same pace throughout the test and reached approximately 30%.
At higher temperatures, different behaviors of the sorbent could be observed. Already
at a temperature of 900 ◦C, the sorbent calcined in 100% in less than 500 s, which was
also reflected in the sulfation process, which took place faster than at lower temperatures
and reached a maximum of about 38%. At the temperatures of 950 ◦C and 1000 ◦C, the
calcination process was even faster than at the temperature of 900 ◦C, in less than 100 s. The
degree of sulfation for the temperature of 950 ◦C was very similar to that for the temperature
of 900 ◦C, with higher dynamics in the range of 500–1500 s. For the temperature of 1000 ◦C,
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the degree of sulfation up to 1000 was the same as for lower temperatures, and after this
time, it reached higher values and the maximum sulfation was 42%.
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Figure 7. Comparison of the results of approximation of (a) the degree of calcination Xc and (b) the
total degree of Xs

Total sulfation determined depending on the volume fraction of CO2 in synthetic
exhaust containing 20% CO2 and 3000 ppm SO2.

The change in CO2 and O2 shares from 20/80 to 50/50% resulted in a change in the
mechanism in both the calcination and sulfation of the tested sorbent samples (Figure 8).
The increase in CO2 concentration at the temperature of 850 ◦C caused a decrease in
the dynamics of calcination and the maximum degree of sorbent calcination, which was
approximately 85%. The decrease in the calcination dynamics was caused by the increased
concentration of CO2 in the atmosphere surrounding the sorbent grains. The change
in calcination dynamics did not cause the deterioration of the sulfation degree, which
increased to 58%. The change in calcination dynamics was particularly noticeable at the
temperature of 900 ◦C, as the sorbent reached its maximum calcination only after 2000 s.
In contrast to the temperature of 850 ◦C at 900 ◦C, the degree of sulfation practically did
not change and at the end of the measurement, it was about 40%. At the two higher
temperatures, 950 ◦C and 1000 ◦C, the calcination was slightly slower than for the lower
CO2 concentration. Furthermore, the degree of sulfation changed slightly.
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Figure 8. Comparison of the results of the approximation of (a) the degree of calcination Xc and
(b) the total degree of Xs

Total sulfation determined depending on the volume fraction of CO2 in
synthetic exhaust containing 50% CO2 and 3000 ppm SO2.

For a CO2/O2 concentration of 70/30%, the degree of calcination, regardless of tem-
perature, practically did not change (Figure 9). The degree of sulfation only changed for
the two extreme temperatures of 850 ◦C and 1000 ◦C. In both of these cases, there was a
decrease in the degree of sulfation, which was most likely caused by a very high degree of
CO2 concentration in the pores of the sorbent. In the case of high measurement temperature
(here 1000 ◦C), the change in the open porosity of the sorbent, which probably resulted
from the appearance of sinters and the limitation of the contact surface of the sorbent with
the flue gas, had an additional impact on the results of sulfation. The degree of sulfation
for the temperatures of 900 ◦C and 950 ◦C did not change significantly.

In Table 6, the results of the calculations of reactivity and absolute sorption for the
tested sorbents are presented. For the CO2 concentration of 20%, the RI coefficient de-
creased with increasing temperature: for the temperature of 850 ◦C, it was 3.06, and for
the temperature of 1000 ◦C, it was 2.37. Along with the decrease in the RI coefficient,
the CI coefficient increased from 102.8 (850 ◦C) to 132.4 (1000 ◦C). The improvement in
reactivity could be explained by the faster and more complete calcination of the sorbent,
which allowed more SO2 to be adsorbed. For the concentration of 50/50% CO2/O2, the
lowest RI result was achieved for the temperature of 850 ◦C—1.7 (CI—185.2), at the next
tested temperature of 900 ◦C, the RI coefficients were significantly lower and amounted
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to 2.66 (CI—118.1), in subsequent temperatures, this result decreased and for 1000 ◦C,
it amounted to 2.55 (CI—123.3). In the highest tested CO2 concentration, 70%, the RI
coefficient again reached the lowest value for the lowest temperature of 850 ◦C (RI—1.86,
CI—169.2); in subsequent temperatures, the RI values increased to reach the RI value
of 4.33 at the highest temperature (CI—72.5), which corresponded to the very low de-
gree of sulfation visible in Figure 8. It can be assumed that the reason for this was the
high temperature that melted the outer surface of the sorbent grains, and at the same
time, the high concentration of CO2 in the vicinity of the sample hindered the process of
sorbent calcination.
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Figure 9. Comparison of the results of the approximation of (a) the degree of calcination Xc and
(b) the total degree of Xs

Total sulfation determined depending on the volume fraction of CO2 in
synthetic exhaust containing 70% CO2 and 3000 ppm SO2.

To understand the factors influencing the mechanism of the simultaneous calcination
and sulfation process, the analysis of the changes in the porosity of sorbents after the SCS
process and in the subsequent time intervals of the process for the selected temperature
of 900 ◦C was performed. The intensity of adsorption processes is determined by the
micropores (d < 0.002 µm) and mesopores (d = 0.002–0.050 µm) [30]. An important
factor in adsorption processes is open porosity, which consists of intergranular and intra-
grain porosity [31,32]. Table 7 presents the values of the parameters estimated for the
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tested sorbent in its initial (raw) state and the subsequent stages of the calcination process
with simultaneous sulfation under oxy-combustion conditions. The conditions of 20%
CO2 + 80% O2 + 3000 ppm (at T = 900 ◦C and for comparison at T = 850 ◦C, 950 ◦C, 1000 ◦C)
were selected for the analysis of morphological changes of the sorbent. The increase in the
porosity of sorbents after the SCS process at the tested temperatures (up to 950 ◦C) is a
partial result of the decomposition of CaCO3, according to reaction (4). This was confirmed
by the courses of changes in the SCS process presented in Figure 7b, based on which it
was observed that increasing the process temperature to 900 ◦C and 950 ◦C accelerated the
sulfation process compared to 850 ◦C. The positive effect of the binding of sulfur oxides
(acceleration of reactions (5) and (6)) results from the catalyzing effect of temperature, which,
by accelerating the decomposition of limestone, contributes to the surface changes of the
sorbent by increasing the proportion of open pores, particularly the inter-grain porosity.
The value of inter-grain porosity, defined as macropores occurring between micrometric
single grains, is of decisive importance in sorption processes, especially where physical
adsorption takes place [33]. At the temperature of 1000 ◦C, the post-process porosity value
decreased to approximately 16%, of which only about 1.15% was the intergrain porosity. It
was probably the result of creating a compact surface layer in the form of sinters. Regardless
of the process temperature, mixture composition and changes in the surface layer caused
by chemical and physical processes, the average particle diameter of the sorbents did not
change and was above 140 µm (Table 7).

Table 6. Calculated coefficients of reactivity and absolute sorption for the tested sorbent samples.

Process
Temperature/◦C

20/80% CO2/O2 50/50% CO2/O2 70/30% CO2/O2

RI, mol/mol CI, g S/kg
Sorbent RI, mol/mol CI, g S/kg

Sorbent RI, mol/mol CI, g S/kg
Sorbent

850 3.06 102.8 1.7 185.2 1.86 169.2
900 2.71 115.7 2.66 118.1 2.37 132.6
950 2.64 119.1 2.59 121.1 2.36 133.3
1000 2.37 132.4 2.55 123.3 4.33 72.5

Table 7. Change in the open porosity of calcium sorbents during the calcination process with simultaneous sulfation.

Process
Temperature/◦C Duration/Sec Open Porosity/% Interparticle

Porosity/%
Intraparticle
Porosity/%

Average Particle
Diameter/µm

- raw 18.26 0.26 18.00 147.69

850 3600 21.89 14.16 7.72 142.09

900

250 75.60 28.88 46.72 143.28
500 29.26 11.77 17.49 146.88
750 53.67 22.44 31.23 144.34
1000 32.83 12.06 20.77 143.07
3600 21.87 9.67 12.20 143.73

950 3600 35.53 17.65 15.88 142.43

1000 3600 16.35 1.15 15.20 136.12

Figure 10 shows the distribution of the specific surface area of sorbents after exposure
to the atmosphere: 20% CO2 + 80% O2 + 3000 ppm SO2, T = 900 ◦C. The highest value of
the specific surface area was observed at 1000 s in the duration of the process. After 250 s,
when the porosity increased almost four times, the surface area was reduced from 0.44 to
0.31 m2/g. After 1000 s, the process also showed the highest differentiation of the sorbent
surface in terms of the size of the pores.
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Figure 10. The distribution of the specific surface area of sorbents after the simultaneous calcination
and sulfation process.

Figure 11 shows a diagram of the surface changes of calcium sorbents occurring in
the subsequent stages of the calcination and sulfation process during oxy-combustion,
proposed based on the observed changes in porosity. By analyzing the changes that
took place on the sorbent surface during the SCS process in a mixture of 20% CO2 + 80%
O2 + 3000 ppm at T = 900 ◦C from the beginning of the process (raw) to approximately
750 s. An increase in open porosity and an initial increase in intergranular porosity were
observed. This time range corresponds to the calcination process described by Equation (4)
as the decomposition of limestone. In the next stage of the process, sulfation takes place,
with the deposition of calcium sulfate on the top CaCO3 layer, which is accompanied by
the closing of the pores and channels through which SO2 is supplied to the CaCO3 surface,
which results in a decrease in the reactivity of the sorbent.
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4. Conclusions

As part of the study of the reactivity of modified sorbents, an analysis of the effect of
the quality of the additive and its quantity (percentage) in relation to the sorbent without
(raw) additives was carried out. Modification of calcium sorbents by adding inorganic
sodium and lithium compounds, regardless of the amount (0.5% or 1.0%), changes the
reactivity coefficient RI [mol/mol], and the absolute sorption coefficient CI [g S/kg of
sorbent]. The efficiency of the SCS process depends on the type of Na+ or Li+ cation and
the anions forming the inorganic salt. Regardless of the amount of modifier added, in
the case of the inorganic sodium salt (Additive 1), there was a visible improvement in the
reactivity of the sorbent: 1.00% of the additive increased the RI index relative to the raw
sorbent by over 14%, and in the case of the CI index by over 24%. The effect of additives
that improve the desulfurization process, is to intensify the diffusion process taking place
in the solid-state, which has a catalytic effect on the reactions.

Calcium sorbents also showed satisfactory reactivity in the SCS process, which better
reflects the actual desulfurization process. The oxy-combustion process is a promising
solution for the future management of CO2 captured from flue gas. The study analyzed
the influence of the mixture composition and its temperature after recirculation on the
reactivity of calcium sorbents. The process of simultaneous calcination and sulfation is a
process controlled by chemical reactions (4–6) and physical phenomena, the intensity of
which depends on the open porosity. As a result of the partial decomposition of CaCO3
after the SCS process in the studied temperature range, a positive effect of temperature on
the surface changes in the sorbent was observed by increasing the open porosity, especially
the increase in the share of intergrain porosity: increasing the process temperature to 900 ◦C
and 950 ◦C accelerated the calcination and sulfation processes compared to 850 ◦C; at the
temperature of 1000 ◦C, the calcination process took place in less than 100 s. An increase
in CO2 concentration from 20% to 50% and 70% changed the dynamics of the calcination
process, and its intensity decreased, which is probably related to the intensification of the
reaction rate (4), during which an additional amount of CO2 is released, which inhibits the
calcination process.
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Abbreviations

List of Symbols
Ca0 Calcium content in the sorbent, %
Ck Carbon content in the final sample, %
η Sorbent purity
MCa, MC Molar mass of calcium and carbon, g/mol
mk, m0 Final and initial sample weight, g
Ms Molar mass of sulfur, g/mol
Sk Carbon content in the final sample, %
Sp Sulfur content in the initial sample, %
Xc Degree of calcination
Xs

Total Degree of sulfation
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Abbreviations
CI Absolute sorption coefficient
FGDs Flue gas desulfurization
LOI Loss on ignition
OFC Oxy-fuel combustion
RI Reactivity coefficient
SCS Simultaneous calcination and sulfation
TSP Total suspended particulate
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