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Abstract

In this work, a method of precipitated calcium carbonate production from the post-distillation liquid created in the Solvay
process and waste carbon dioxide was proposed and investigated. Precipitation was carried out in a model solution of
calcium chloride containing ammonia at various molar ratios in relation to Ca** ions, while gaseous carbon dioxide was
supplied to the reactor as a pure gas or as a mixture with air. It was assumed that the reaction was completed when the
pH of the reaction mixture reached the value of 7. To characterize precipitated calcium carbonate particles, its size and
crystalline form were determined. It was possible to utilize above 80% of calcium ions from a model post-distillation
liquid and above 80% of carbon dioxide from a mixed air-CO, gas stream using the one-stage precipitation process since
the conditions of precipitation were controlled. Calcium carbonate in vaterite form produced in this process can be also

a valuable product.
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1 Introduction

Soda ash (sodium carbonate) is one of the most impor-
tant substances produced by the chemical industry. It is
applied as the second most strategic input raw material,
after sand, in the glass industry, and it is used as the main
raw material in the detergent and soap production. Soda
ash is also necessary for the production of steel and non-
ferrous metals. Moreover, it is widely used in the food and
pharmacology sectors and in the paper industry, along
with flue gas treatment systems and water conditioning
and treatment systems. In Europe, due to the availabil-
ity of raw materials, soda ash is mainly obtained in the
Solvay process which was developed by Ernest Solvay in
the 1860s [1]. The current worldwide soda ash production
performance is estimated to be around 56 million metric
ton per year, whereas in Europe combined additional pro-
duction capacity is 10.7 million metric ton per year [2]. In
2014, 48% of global production of soda ash was produced

using the Solvay process, while 27% was obtained by the
processing of natural sodium carbonate minerals. The
remaining 25% were produced using other methods [2].
Approximately 91% of sodium carbonate is obtained using
the Solvay method, regarding Europe [2].

In the Solvay process soda ash is manufactured using
the locally available natural raw materials of salt, in the
form of brine, limestone and ammonia, as an auxiliary
raw material. The process consists of the following main
stages: preparation of brine, preparation of the ammonia
brine by saturating brine with ammonia, decomposition
of limestone to lime and carbon dioxide (Eq. 1), carbon-
ization, i.e., absorption of carbon dioxide in ammonia
brine (Eq. 2), separation of crystalline sodium bicarbo-
nate and its calcination (Eqg. 3). An important part of
this process is the recovery of ammonia from the filter
liquid consisting of NaCl and NH,CI (Eq. 4). It is treated
with lime milk obtained during the process of burning
the limestone, and ammonia is released. The evolved
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ammonia is vented back into the absorber [3]. Therefore,
the whole process is based on the sequence of the fol-
lowing chemical reactions:

CaCO; — Ca0 + CO, )
NaCl + NH; + CO, + H,0 — NaHCO; + NH,Cl. (2)
2NaHCO; — Na,CO;3 + CO, 1 +H,0 1 (calcination)  (3)

2NH,Cl + CaO — 2NH; + H,0 + CaCl, (4)

The main production waste is the post-distillation lig-
uid containing a solid residue consisting mainly of cal-
cium carbonate, unconverted sodium chloride and cal-
cium hydroxide. This liquid flowing out of the stripping
columns is directed to ground settlements called “white
seas” or straightway to natural water reservoirs [3]. The
main components of the post-distillation liquid are water
(956 kg/m?3 of waste stream), calcium chloride (112 kg/m?)
and sodium chloride (56 kg/m?3) [3].

The utilization of liquid residue is one of the major
problems to be solved in the Solvay technology. Disposal
of waste streams in the “white seas” or discharging them
directly to surface waters results in a strong salinity of the
nearby groundwater with calcium chloride and also con-
tamination of natural water reservoirs and soil [4]. There-
fore, it is important to reduce the impact of the post-dis-
tillation liquid on the environment.

Another troublesome waste related to many human
activities is carbon dioxide. This component of waste gases
is generated by energy and chemical plants and accumu-
lates in large amounts in the atmosphere causing danger-
ous climate changes [5]. Therefore, many efforts are now
being made to reduce the amount of CO, emitted directly
into the environment. Various technologies are developed
to sequestrate carbon dioxide from gases. Among the con-
ventional CO, removal methods, the absorption process in
which monoethanolamine (abr. MEA) is applied has been
extensively studied and it is widely used in chemical plants
to post-combustion capture [6]. However, this method
involves many problems such as high energy consump-
tion and absorbent degradation by oxygen and acidic
compounds present in the gas stream [6, 7]. In addition,
there are intensive studies on the use of other amines and
their mixtures for efficient post-combustion gas cleaning
[8, 9]. As an alternative, an aqueous ammonia solution was
proposed as a new absorbent [7, 10]. The main advantage
of NHj; is its resistance to oxidative degradation. Therefore,
it can be used as an absorbent to treat oxides-containing
gas streams, i.e., gas emitted by coal-fired power plants [6].
Also, high CO, loadings in aqueous ammonia solutions are
reported due to the privileged formation of bicarbonate
over carbamate in the CO,-NH5-H,0 system for increasing
CO, concentration [11].
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In addition, the absorption of CO, from anthropogenic
emissions and its use as a substrate for synthesis of valu-
able chemicals has gained interest in recent years as an
alternative to conventional carbon dioxide capture and
storage (CCS) technologies [12]. Attempts have been made
to use the post-distillation liquid for the production of
gypsum, phosphate and calcium carbonate [1, 3, 11-14].
Recently, carbonation of calcium chloride solution with
addition of CO, absorption promotors, such as amines and
ammonia, has been studied in calcium carbonate (PCC)
precipitation with the application of desired properties.
The overall reaction with ammonia as a CO, absorption
promotor can be written as:

CaCl, + 2NH, + CO, + H,0 — CaCO, | +2NH,Cl  (5)

In this work, a method for obtaining PCC which allows
for the management of the post-distillation liquid from
the Solvay process, as well as the use of waste carbon diox-
ide gas from any source, is proposed. Influence of process
parameters such as carbon dioxide concentration in a gas
stream supplied into the reaction mixture and the influ-
ence of the concentration of ammonia on the efficiency of
carbon dioxide sequestration and calcium ion consump-
tion were investigated.

2 Experimental
2.1 Reagents

Anhydrous calcium chloride (=97.0%, POCH, Gliwice,
Poland), sodium chloride (=98.0%, P.P.H. STANLAB, Lublin,
Poland), 25% ammonia solution (= 96.0%, POCH, Gliwice,
Poland). The water used in this work was obtained by
reverse osmosis.

2.2 Preparation

Precipitation was carried out at room temperature and
atmospheric pressure in a glass tank reactor with a total
volume of 0.6 dm? equipped with a magnetic stirrer. The
stirring rate was 600 rpm. A solution containing calcium
chloride at a concentration of 112 g/dm3, sodium chlo-
ride at a concentration of 56 g/dm?* and ammonia in molar
ratios of Ca®*:NH; equal to 1:1, 1:1.5 or 1:2 was applied
as the reaction mixture in a volume of 0.4 dm?3. Carbon
dioxide as a pure gas (Xv,cof 1) or in a mixture with air
(Xy,co,=0.15) was supplied into the liquid phase through
a porous glass plate. Gas mixing occurred during the gas
flow before it was introduced into the reactor. The gas flow
rate was 30 dm>/h in all experiments. During the reaction,
the pH of the mixture was measured every 30 s using a
ERH-13-6 composite electrode (HYDROMET, Gliwice,
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Poland) connected to the pH meter. The process was termi-
nated when the pH of the reaction mixture was equal to 7.
The initial and final Ca®* concentrations were determined
by a complexometric titration of collected samples (2:1073
dm3) with EDTA. Obtained calcium carbonate suspension
was filtered, washed with water and methanol, and then
dried at 90 °C. The scheme of the reaction setup used to
carry out the precipitation is presented in Fig. 1.

2.3 Characterization of particles

Fourier transform infrared spectroscopy (ATR FT-IR) was
applied using the Nicolet 8700 Spectrometer (Thermo
Scientific) to identify the types of chemical bonds in struc-
tural units of the obtained calcium carbonate particles. The
method of suppressed total reflection (ATR) was used. The
infrared spectra were registered from 4500 to 524 cm™ at
2 cm™ resolution using air as the background. To charac-
terize polymorphic composition of precipitated particles,
conventional XRD technique with Co K, radiation using
the MiniFlex 600 diffractometer (Rigaku) was carried out.
The XRD spectra were collected at a scan rate 0.01° and

Fig. 1 Scheme of the experi-
mental setup: 1—glass tank
reactor, 2—pH electrode,
3—pH meter, 4—gas distribu-
tor, 5—magnetic stirrer, P—

26 angle range of 10°-80° at room temperature. Obtained
particles were observed by a BX60 microscope (Olympus)
equipped with a digital camera XC50 (Olympus), and the
effective magnification used was equal to 1000x.

3 Results and discussion
3.1 Course of reaction

During the precipitation of calcium carbonate, pH of
reaction mixture was monitored. Figure 2 presents
courses of pH versus time for a different composition
of gas supplied into the reaction mixture and for vari-
ous ammonia concentration. In case of pure carbon
dioxide application, the reaction time was shorter for
every applied Ca**:NH; molar ratios compared to sup-
plying the mixture of CO, and air. However, regardless of
the composition of gas introduced into the system, the
solution pH of 7 was reached in the shortest time by the
molar ratio of 1:1, while for the 1:2 ratio the pH stabili-
zation time was the longest. Thus, it can be concluded

manometer, V—rotameter
4 3
\:ll:l\:l
Fig.2 pH values of reac- 11.5 1.5
tion mixture versus time (a) A-1:1 D-1:1
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Table 1 Reaction time, initial and final concentrations of calcium
ions

ProcessID  X,co, Ca*":NH;  Reaction  Ca®* concentration
molar ratio time (min) (mol/dm?3)

Initial (C;)  Final ()

A 1 1:1 215 1.01 0.54
B 1:1.5 27.5 1.01 043
C 1:2 40 1.01 0.38
D 015 11 82 1.01 0.55
E 1:1.5 105.5 1.01 0.48
F 1:2 126.5 1.01 0.20

Table2 Sequestration of Ca** and CO,, percentage content of
vaterite and mean sizes of crystallites forming PCC particles

Sample ID %Ca?* %CO, Xy (%) D (nm)
A 46.4 42.2 97.4 26
B 57.3 40.8 99.1 26
C 62.1 304 98.9 22
D 45.9 73.1 96.3 25
E 52.6 65.0 97.7 19
F 80.1 82.6 99.2 19

that an increase in the ammonia content in the reaction
mixture results in an increase in the reaction time.

Table 1 summarizes reaction time, initial and final
concentrations of Ca?* depending on the process
parameters.

Based on the reaction conditions and data presented
in Table 2, the amount of consumed Ca%* ions and the
amount of CO, supplied to the system during the reac-
tion were calculated. Then, the sequestrations of calcium
ions %Ca and carbon dioxide %CO, were determined
using the following equations:

C -
%Ca’t = le - 100% ©6)
I
n
%CO, = <0 . 100% )
n
co,

where C; and C; are initial and final Ca** concentration,
Ncaco, and neg, are the number of CaCO; mol correspond-
ing to the number of CO, mol consumed during precipita-
tion and the number of CO, mol supplied into the reaction
system, respectively. All calculated values for studied pro-
cesses are summarized in Table 2. The sequestration of cal-
cium ions increases with an increase in ammonia concen-
tration in the reaction mixture, regardless of CO, content
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in supplied gas. When pure carbon dioxide is introduced,
CO, sequestration decreases with an increase in ammonia
concentration, while for D-F (see Table 1) processes carried
out using a gas mixture, such relationship is not observed.
The highest percentage of sequestration of both, Ca®* ions
and CO,, was achieved during F process, which was char-
acterized by the longest duration.

The mechanisms of CO, absorption into an aqueous
ammonia solution include a very fast formation of carba-
mic acid during the chemical reaction between ammonia
and CO,(aq) (which deprotonates to carbamate). Conse-
quently carbamate decomposes to ammonium and bicar-
bonate ions [15]. Due to the bicarbonate-carbonate equi-
librium, the reaction leading to the formation of calcium
carbonate occurs. The rate of CO, absorption in ammonia
solutions depends on the ammonia concentration and the
partial pressure of carbon dioxide [16]. The higher the CO,
partial pressure and ammonia concentration, the higher
the CO, absorption flux. Therefore, the time related to the
ammonia concentration decreases with an increase in NH;
contents in the reaction mixture and decreases with an
increase in CO, volume fraction in the gas stream.

However, consumption of both calcium ions and carbon
dioxide depends on the calcium carbonate formation. Two
main stages in the precipitation process are distinguished,
i.e, nucleation and crystal growth, and in addition, second-
ary processes such as agglomeration or attrition of formed
crystals. Nucleation precedes the induction period that
is needed to create the supersaturation in the solution,
pre-nucleation clusters, and then consequently the criti-
cal nuclei. The supersaturation in the reactive mixture is a
result of CO, absorption. Therefore, some volume of CO,
should be supplied into the solution to start the precipita-
tion process. Estimated induction period was evaluated on
the basis of both visual observation of the reactive mixture
and the analysis of Ca®* ions concentration in the filtrated
samples. In case of all processes with pure CO,, the induc-
tion time was lower than 2 min, while for processes with
application of gas mixture the induction time was in the
range of 4-8 min.

3.2 Particles characteristic

PCC particles were analyzed by ATR FT-IR and XRD. Figure 3
presents the FT-IR spectra of obtained particles in range
of 700-800 cm™". The shown excerpt of spectrum is the
fingerprint region in which the bands corresponding to
the plane bending oscillations originating from C-0 bond
are observed. In all spectra, wide bands at wave number
of 745 cm™" are visible, which is characteristic for vaterite.

XRD patterns of obtained PCC particles are shown in
Fig. 4 in 260 range of 10°-80°.
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Fig.3 FT-IR spectra of 745

obtained CaCO; particles pro- (a) (b) 745
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Fig.4 XRD patterns of obtained CaCOj; particles produced using a pure CO, (a) and a mixture CO,—air Xy,c0,=0.15 (b) depending on the

ammonia concentration (c calcite, v vaterite)

The percentage content of vaterite (X,) was calculated
based on the XRD data, using the equations [17, 18]:

7.691(1)1°)

T a———T 8
1294 +7.691(13'°) ®

Y

where I1% is the intensity of the calcite peak of the 104
plane and the I}'° is the intensity of the vaterite peak of
the 110 plane. Calculated percentage contents of vaterite
in tested samples are summarized in Table 2. As a result

of each reaction calcium carbonate as a mixture of vater-
ite and calcite was formed, however the main polymorph
form was vaterite. The results in Table 2 show that for each
case PCC consisted of more than 95% of vaterite. The least
calcite was found in the sample F obtained with the appli-
cation of a gas-air mixture and the highest concentration
of ammonia, whereas calcium carbonate precipitated with
the supply of a gas mixture and in the presence of the low-
est NH; concentration (sample D) was characterized by the
lowest content of vaterite.
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Based on XRD measurements, the mean size of crys-
tallites (D) forming calcium carbonate particles was also
determined. The Scherrer equation was used for this
purpose [19]:

KA
" Bcosby ©)

where Kis a Scherrer constant (0.89), A is the X-ray wave-
length, B is the width of the diffraction line measured at
half the high of the peak, and 6 is the Bragg angle. Cal-
culated mean sizes of crystallites are presented in Table 2.
Crystallites forming samples A and B had similar mean
size, which occurred as the largest of all measured sam-
ples. Only in case of precipitation with supplying gas mix-
ture to the system using higher ammonia concentrations
(samples E and F) crystallites with an average size of 19 nm
were obtained.

Fig. 5 Microscope photo-
graphs of PCC particles pro-
duced using a pure CO, (a) and
a mixture CO,—air Xy c0,=0.15
(b) depending on the ammo-
nia concentration

Microscope photographs of the obtained PCC particles
are shown in Fig. 5. The precipitated particles are charac-
terized by a size below 5 pm.

The calcium carbonate polymorph formation depends
on such parameters as supersaturation, pH, temperature,
the concentration of reagents, duration of the reaction and
the presence of various inorganic and organic additives
[20, 21]. In our experiments mainly vaterite particles were
generated. This polymorph is less stable, and its formation
is favored by prevailing local high saturation determined
by a slightly alkaline pH, which inhibits the transforma-
tion of vaterite into calcite [22, 23]. According to Takita
et al. [24] the presence of NaCl in the solution increases
the solubility of calcium carbonate. Therefore, the lower
supersaturation occurs in the system and the formation of
calcite form should be expected. On the other hand, the
presence of carbamate ions formed during CO, absorption
in the ammonia solution can stabilize vaterite form [23].
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Vaterite, thanks to its porous structure, with a larger
surface area and a greater hydrophilicity than other poly-
morphic phases, is used to create new materials with
promising perspectives in various fields [25]. Spherical
particles of vaterite can efficiently replace silica in the coat-
ing pigments, and they are also used in the production of
paper. In addition, vaterite is used as a filler in polymeric
composites, as it improves the degree of crystallinity, the
crystallization temperature and the size of the composite
spherulites [22]. The application of vaterite as an adsor-
bent for heavy metal ions removal is also examined [26].
Therefore, calcium carbonate in vaterite form can be a val-
uable by-product in the proposed process. During the pro-
posed CaCO; precipitation process described by Eq. (5), a
solution containing ammonium chloride is also produced.
This solution can be used as a leaching agent to treat a
steelmaking slag [27], some minerals [28] or batteries [29,
30] and for metal ions recovery. The obtained leachates
can be used in a carbon capture and storage process [31]
or it can be further processed [30].

4 Conclusions

The method using the post-distillation liquid form the
Solvay process for carbon dioxide sequestration was pro-
posed. The highest efficiency of carbon dioxide capture
was obtained for the CO, concentration in a gas stream
corresponding to the composition of exhausted gases pro-
duced by the fossil fuels combustion. An increase in the
ratio of ammonia to calcium ions favored carbon dioxide
and calcium ions consumption during this process. Fine
calcium carbonate particles in vaterite form were pro-
duced in all experiments. The investigations were carried
out with the use of model solutions; therefore, the next
step will be to carry out experiments with the waste solu-
tion from soda production using the Solvay method to
verify and optimize the proposed method.
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