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Abstract: Reactivity of various calcium carbonate samples for flue gas desulfurization was tested. Two groups
of CaCOj; samples were considered; natural limestone containing calcite phase dominantly and samples
prepared by the conversion of gypsum with ammonium and carbon dioxide (precipitated CaCO,) containing
different amounts of calcite, aragonite and vaterite.

Reactivity of precipitated calcium carbonate depends primarily on the particle size, similarly as in case of
industrial samples. The initial reaction rate was comparable with the industrial limestones for samples with
the average particle size lower than 15 nm. However, the conversion of laboratory samples was significantly
higher after 5 min of the reaction.

Phase composition of the precipitated calcium carbonate has a minor but noticeable impact on the reactivity.
The presence of vaterite slightly increased the reactivity, which is in accordance with its lower compact structure
in comparison with calcite and aragonite. Unexpected effect of the increased content of aragonite, which is
the most compact phase in comparison with calcite and vaterite, was observed. If calcium carbonate contains
up to approximately 30 % of aragonite the reactivity increases, which can be explained by the SEM pictures
showing agglomerate composition with relatively high specific surface. At higher contents of aragonite, the
reactivity decreases. All the obtained results proved the suitability of precipitated CaCO; prepared from flue

gas desulfurization gypsum to be recycled in the flue gas desulfurization process.
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Introduction

Fossils fuels are still the main energetic source.
Endeavour for minimizing the exploitation of fossil
fuels is evident but coal will remain important at least
until 2050 (BP Energy outlook 2018 Edition; Exxon
Mobil, 2018; EU Reference Scenario 2016). Besides
other impurities, various sources of coal contain from
0.1 up to 4 % of sulfur which generates SO, during
coal combustion. Harmful effects of SO, on living
organisms are generally known and therefore treat-
ment of flue gass is necessary (IEA 2016). Recently,
desulfurization techniques have been summarized
showing the wet limestone procedure to be one of the
most frequently used (Kralik et al., 2017). Wet flue
gas desulfurization (FGD) provides one of the high-
est efficiencies of SOy removal. This method is highly
reliable (Zhong et al., 2008) and belongs to the least
expensive ones to operate (Olausson et al., 1993). The
efficiency and reliability of this technology has im-
proved considerably in the past 20 years (Dou et al.,
2009) and combined with other purifying processes
significantly decreased the harmful effects of flue
gases from coal power plants.

The product of desulfurization technology is
gypsum. Properties and utilization of gypsum were

well described by Wirsching (2000); prefabricated
gypsum building components, gypsum plaster and
gypsum constructing materials generally, are its
main application areas (about 70 %). Another pos-
sibility is to use gypsum as a fertilizer; directly as a
water suspension or a raw material for the produc-
tion of other sulfur containing fertilizers, mainly in
form of ammonium sulfate and blends containing
it (Kralik et al., 2017; Jang et al., 2014). Ammonium
sulfate can be prepared by the conversion reaction
of gypsum with CO, and ammonia (Danielik et
al., 2018). Except for ammonium sulfate, calcium
carbonate is produced as a by-product which can be
recycled back to the FGD process (Jang et al., 2001;
CN101337684A). In this case it is important to know
the reactivity of produced calcium carbonate in the
FGD process.

Understanding of the limestone dissolution/reac-
tion kinetics of the FGD processes has attracted
quite serious attention (Siagi and Mbarawa, 2009;
Toprac and Rochelle, 1982; De Blasio et al., 2012;
Ye and Bjerle, 1994; Ahlbeck et al., 1993; Ahlbeck
et al., 1995; Pepe, 2001; Ukawa et al., 1993; Chan
and Rochelle, 1982; Shih et al., 2000). It is assumed
that limestone dissolution is the rate controlling step
of SO, absorption processes (Siagi and Mbarawa,
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2009; Pepe, 2001). When SO, diffuses into the liquid
phase its hydrolysis takes place and hydrogen ions
are produced. These ions are neutralized by the
dissolved limestone. When limestone is added into
water, it dissolves to a low extent (Ahlbeck et al.,
1993; Ahlbeck et al., 1995). Considering the carbon-
ate and bicarbonate equilibrium, the dissolution of
limestone is enhanced under acidic conditions. Ac-
cording to Wallin and Bjerle (1989), the limestone
dissolution rate in low pH environments is mass
transfer controlled; the diffusion of hydroxonium
ions is crucial. At higher pH, kinetics of the reac-
tion on the limestone surface prevails. Ukawa et al.
(1993) reported a method for measuring the rate of
limestone dissolution in both batch and continuous
reaction systems. They used continuous measuring
of the particle size distribution during the reaction
and obtained a good agreement with a model based
on the mass transfer. It is commonly accepted that
particle size distribution, limestone composition
and its origin are the limestone characteristics deter-
mining its reactivity in the FGD process.

Reactivity of limestone can be determined by dif-
ferent methods. Measurements showed reactivity
dependence on pH, particle size and reactor
volume. Reactivity of several types of limestones
used in FGD measured as neutralization rate with
strong and weak acids at constant and/or varying
pH was presented by Stumpf et al. (1984a, b). A
detailed analysis of the methods characterizing
limestone samples and their reactivity was sum-
marized by Brown et al. (2009). The most accurate
measurement of limestone reactivity in the flue
gas desulfurization process can be achieved with a
suspension of the ground limestone and SO, con-
taining gas. However, tests with mineral acids
(Ahlbeck et al., 1995; Fellner and Khandl, 1999;
De Blasio et al., 2012; Stumpf et al. 1984a, b)
proved the validity of “the pH constant method”
for the estimation of limestone reactivity. In this
method, a suspension of limestone is titrated with
a mineral acid solution (HsSO,or HCI) at virtually
constant pH chosen from the range of 4 to 5. Time
dependence of added acid as well as reaction rates
at certain time points are evaluated. This titration
is much more reproducible than bubbling of an
SOy containing gas through the slurry of limestone.
It is possible to compare reactivity of various lime-
stone samples easily. For this reason, we have also
used this method in our tests.

All the above mentioned papers deal with natural
(mineral) limestones, typically with calcite phase as
the dominant one. Calcium carbonate precipitated
during the reaction of gypsum with COy and am-
monia may show different reactivity, mainly due
to the different crystallographic modification of

calcium carbonate. A comparison of the reactivity
and properties of limestone and calcium carbon-
ate precipitate consisting of calcite was presented
by Dragan and Ozunu (2012). Reactivity strongly
depends on the particle size, the difference between
the limestone and calcium carbonate precipitate
was negligible. However, the influence of different
crystallographic modifications of calcium carbon-
ate (calcite, aragonite, vaterite) has not been thor-
oughly studied for the purposes of FGD.

In this paper, reactivity of calcium carbonate
prepared by the conversion reaction of gypsum
and with varying content of calcite, aragonite and
vaterite was studied. The reactivity was compared
considering the phase composition, particle size
distribution and specific surface area.

Materials and Methods

Nine laboratory samples of limestone prepared by
the conversion of FGD gypsum with NH; and
CO, in water solution were tested. Their reactivity
was compared with: (i) ground natural mineral
sample LietLuc, (ii) precipitated limestone from
paper industry Monkal. Content of CaCO; was
above 90 % in all samples. Samples LietLuc and
Monkal consisted mainly of calcite. Laboratory
samples contained different amounts of aragonite,
calcite and/or vaterite. Average particle size in all
samples was in the range of (10—25) pm.

The BET specific surface area was calculated from
nitrogen adsorption isotherms at -196 °C using
ASAP-2400 (Micromeritics, Norcross, USA). De-
gasification was carried out for 24 hours at 80 °C and
2 kPa. Reproducibility of measurements derived
from three repetitions was £7 % related to specific
surface area calculated from the BET isotherm.
Particle size distribution was measured using a
CILAS 930 Liquid laser diffraction granulometer.
Water was used as the liquid phase; ultrasound was
applied to disorder solid agglomerates. Morphology
of the specimens was observed using a scanning
electron microscope (SEM) ZEISS ZVO 40 coupled
to an energy dispersive X-ray spectrometer analyzer
(EDX) Bruker AXS.

Reactivity tests were performed as follows: about
1.500 g of dried powder calcium carbonate sam-
ple were added to 200 ml of deionized water and
stirred by a magnetic stirrer (500 rpm) for 5 min
at laboratory temperature (25 + 0.5) °C in order to
disintegrate the formed agglomerates. Then, the
suspension was titrated with 1 M HCI at constant
pH equal to 4. The control of pH was provided by a
control loop consisting of a pH electrode, computer
and a switcher controlling the peristaltic pump
dosing the solution of HCI. Dependence of the
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amount of added HCI on time was monitored every
second. The maximum length of an experiment
was 60 min. Conversion of limestone was calculated
with respect to the total weight of the sample. Three
parallel measurements were carried out.

Results and Discussion

Characteristics of all samples are summarized in
Tables 1 and 2. Laboratory samples have Gauss-like
distribution of the particle size, i.e. the size distribu-
tion of unimodal type. Industrial samples LietLuc
and Monkal showed several Gauss-like peaks in the
particle size distribution, i.e. they represent multi-
modal type of size distribution (three-modal in this
case).

In Fig. 1, SEM figures of the laboratory samples are
presented. It can be seen that the particle size of
samples CC1—CC5 is lower than that of the other
samples, which is in accordance with the particle
size distribution. However, the particles are of dif-

ferent shape due to the different phase composition
of the samples. Needles of aragonite may signifi-
cantly increase the particle surface. On the other
hand, calcite particles may form conjunct crystals,
which results in the formation of large particles.

A comparison of the time dependencies of calcium
carbonate conversion is shown in Figs. 2 and 3.
It can be seen that the initial reaction rate of the
laboratory samples with small particles (CC1—CC4)
is comparable with the reaction rate of the industrial
samples. However, the reaction rate of industrial
samples decreased after a short initial time (ca
5 min), probably due to the multimodal particle size
distribution and complete conversion of the smallest
particles. Moreover, the effect of dolomite present
in Lietluc and Monkal samples can also decrease
the reaction rate. After 10 minutes of the reaction,
conversion of samples CC1—-CC4 was above 70 %.
This is the point when the reaction rate of the
industrial samples is at one level with laboratory
samples containing large particles (CC5—CC9).

Tab. 1. Particle size distribution and specific surface area of samples.

Particle size [pm]

Diameter at 90 %

Diameter at 10 % Diameter at 50 %

Specific surface

Mean diameter

area [m?/g]

CCl1 1.9 9.51 18.03 9.9 2.52
CC2 2.66 10.12 17.66 10.3 4.84
CC3 3.56 13.87 23.55 14.02 2.89
CC4 2.41 11.93 21.65 12.46 2.66
CCh 2.21 13.38 28.09 14.63 1.64
CC6 12.15 23.63 41.78 25.55 1.54
CC7 10.7 23.55 41.79 25.14 2.55
CC8 7.54 18.93 34.82 20.18 1.29
CC9 11.88 22.00 34.37 22.67 0.43
LietLuc 1.68 8.58 45.56 16.31 -
Monkal 2.19 16.46 42.68 20.10 -
Tab. 2. Phase composition of samples.
Composition [ %]

Calcite Aragonite Vaterite Dolomite
CCl1 68.0 27.1 0.0 3.8
Cc2 38.0 54.2 0.0 3.3
CC3 1.6 2.6 91.0 3.7
CC4 1.0 0.0 93.3 3.9
CCh 50.0 10.2 35.0 3.7
CC6 1.0 90.0 0.0 3.7
(e{oy; 0.2 95.7 0.0 3.7
CC8 11.0 7.8 75.3 3.9
CC9 92.3 2.2 0.0 3.8
LietLuc 91.4 0.0 0.0 6.5
Monkal 94.6 0.0 0.0 2.4
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Fig. 1. SEM records of precipitated laboratory calcium carbonate samples.

a) CC1; b) CC2; ¢) CC3; d) CC4; e) CCH; £) CCO; g) CCT; h) CC8; 1) CCO.
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Fig. 2. Time dependence of the conversion of samples
CCI (1); CC2 (2); CC3 (8); CC4 (4); LietLuc (5); Monkal (6).
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Fig. 3. Time dependence of the conversion of samples CC5 (1); CC6 (2); CC7 (3); CC8 (4); CCI (5).

Detailed comparison of the reactivity of laboratory
samples was carried out 3 min and 15 min after the
beginning of the reaction. The initial reaction rate
can be studied at the time of 3 min while 15 min
afterthereactionbeginning, the conversionisabove
50 % and the reaction rate significantly decreases
compared to the initial one. The comparison is
shown in Fig. 4. As it can be seen, the conversion
correlates very well with the average size of the
particles and with the parameter diameter at 90 %
(Fig. 4a) 3 minutes after the reaction beginning.
Later (15 min), the correlation is satisfactory for
the diameter at 90 % (Fig. 4b). It can be assumed
that small particles completely reacted at this time

and the size of the large particles is decisive. On
the other hand, there is only a slight correlation
between the reaction rate and the specific surface
area of the samples, which is in accordance with
the published data (Ahlbeck et al., 1993; Ahlbeck
et al., 1995; Ukawa et al., 1993; Wallin and Bjerle,
1989; Dragan and Ozunu, 2012; Claudio A. Carleti
G., 2015).

Good correlation of the reaction rate and the par-
ticle size indicates that the influence of aragonite
and vaterite is not crucial for the initial reaction
rate. However, the impact of different solid phases
can prove to be of increasing importance at higher
conversion of CaCQO,.
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Fig. 4. Conversion of samples CC1—CC9 vs. particle size in 3 min (upper) and 15 min (bottom).
(squares): mean diameter; (circles): diameter at 90 %.

It is assumed that limestone dissolution is the rate
controlling step (Siagi and Mbarawa, 2009; Pepe,
2001). Based on the solubility products shown in
Table 3, vaterite is more soluble and the reaction
rate should increase, which is in accordance with our
experimental data when higher content of vaterite
resulted in increased reaction rate (Fig. 5a). The
influence of aragonite content is not so obvious as
its solubility is slightly higher than that of calcite. If
calcium carbonate consists of calcite with a portion of

aragonite, the reactivity increases. Besides the higher
solubility of aragonite, morphology of the particle
surface may be reflected in the reactivity. As it can be
seen in Figs. 1a and 1b, needles of aragonite grow
from the calcite particles and the particle surface is
significantly larger while their size is still small. On the
other hand, when calcium carbonate consists mainly
of aragonite, the particles are huge and solid (Figs. 1f
and 1g). Therefore, the reactivity of calcium carbon-
ate with high content of aragonite is lower compared

Table 3. Solubility products of aragonite, calcite and vaterite

Aragonite

Calcite

Vaterite

K.= 6.0 x 10
(Plummer and Busenberg, 1982)

K,=3.3x 10"
(Benjamin, 2002)

K.- 1.3 x 10
(Plummer and Busenberg, 1982)
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a)

Fig. 5. Conversion of samples CC1—CC9 in 3 min vs. particle size and content of vaterite (a)
and aragonite (b).

to that containing calcite. This has also been proven
experimentally. The reactivity of calcium carbonate
containing aragonite and calcite increases up to 30 %
of aragonite then it decreases (Fig. 5b).

Conclusions

Calcium carbonate samples prepared by the con-
version reaction of FGD gypsum with CO, and
ammonia were tested. Their reactivity was deter-
mined for the purpose of flue gas desulfurization
and compared with the ground natural mineral
(industrial) samples. The comparison showed that
such prepared calcium carbonate is suitable for
the FGD process and it can be recycled. The side
product from the conversion of FGD gypsum is am-
monium sulfate, which is a very valuable fertilizer
compound.

In case of industrial samples, the reactivity of pre-
cipitated calcium carbonate depends primarily on
the particle size. If the particle size is below 15 pm,
the initial reaction rate is comparable with industrial
limestones. After a short initial time, the reaction
rate of industrial limestones significantly decreases
while the reaction rate of precipitated samples re-
mains high.

Phase composition of the precipitated calcium
carbonate has a minor impact on the reactivity. The
presence of vaterite slightly increases the reactivity.
If calcium carbonate contains up to approximately
30 % of aragonite, the reactivity increases while it
decreases at higher contents of aragonite.
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