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The aim of this work is to compare the effect of selected process parameters, gas flow rate, CO2 absorption pro-
moter concentration and its pKa, on the precipitation of CaCO3 by the gas-liquid method using a model post-
distillation liquid from the Solvay process. To ensure effective capture of CO2, the absorption promoters used
were ammonia, triethanolamine and triethylamine. The Box-Behnken Design was applied to plan the experi-
ments. The analysis of the influence of selected parameters on the course of the process and the characteristics
of the obtained products was performed using the response surface methodology. In the studied range of vari-
ables, the type of absorption promoter characterized by its pKa has the most significant impact on the reaction
time, polymorphic composition of the obtained CaCO3, particle size and their specific surface area. All precipitated
CaCO3 samples were highly agglomerated mixture of vaterite and calcite.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Calcium carbonate occurs extensively in nature in the form of three
anhydrous polymorphs, calcite, aragonite and vaterite [1]. Theoretically,
calcite is the most thermodynamically stable crystalline form of CaCO3.
The other two polymorphs aremetastable and transform into a thermo-
dynamically favored calcite by dissolution and recrystallization [2,3].
The formation of a specific crystalline phase is the result of successive
steps of nucleation and crystal growth, and the crystallization pathways
are controlled by thermodynamic or kinetic steps [4]. The analysis of the
nucleation rate for various polymorphs depending on the temperature
shows that the nucleation rate for vaterite is the highest at moderate
temperatures up to about 40 °C,while above, the nucleation rate for ara-
gonite is dominant [3]. Therefore, at room temperature, both vaterite
and calcite is obtained, while aragonite is most often produced at ele-
vated temperatures [2,5]. The crystalline form determines the particle
morphology [6,7], solubility [8,9], refractive index [10], and sorption
properties [11]. In addition, important parameters determining the
use of calcium carbonate are particle size, specific surface area and
porosity [12,13].

CaCO3 is used in various products, e.g. in paper [14], plastics and rub-
ber as a pigment or filler [15,16], in environmental protection [17], in
ka).

.V. This is an open access article und
pharmaceuticals as calcium ions source and pH controller [18] or in cos-
metics [19] to improve rheology, physical robustness or visual appear-
ance. Precipitated calcium carbonate (PCC) is one of the most
commonly used in specialized purity-defined applications. The required
CaCO3 features can be controlled by the selection of process parameters.
Apart from the temperature, other important parameters during the
precipitation of calcium carbonate are supersaturation, pH, the rate of
reagent supply, and the intensity ofmixing [20,21]. The choice of the re-
actor and the type of stirrer also have a significant influence on the
course of precipitation and the characteristics of the obtained CaCO3

particles [22,23]. Moreover, when the production of calcium carbonate
formation is carried out in the gas-liquid systemwith the use of gaseous
CO2 as a reactant, the course of precipitation is also determined by the
control of the rate of CO2 absorption [24]. Research conducted by Ding
et al. [5] indicate that by changing the reaction conditions such as the
process temperature and the concentration of the reagents, the
morphology of CaCO3 precipitated in the CaCl2-NH3-CO2 system can
be controlled without the use of additional substances. Kirboga et al.
[25] showed that the duration of the use of ultrasound is one of the
variables controlling both the surface area and the particle size of
CaCO3 crystals. Ukrainczyk et al. [24] investigated the influence of
temperature, conductivity, CO2 flow rate, stirring rate and calcium ion
concentration on the reaction efficiency and the specific surface area
of the obtained calcium carbonate. According to this research, conduc-
tivity and temperature significantly influence particles morphology,
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Range and levels of parameters in Box-Behnken experimental design.

Factors Parameters Coded levels

−1 0 1

A Promoter concentration [mol/dm3] 1.515 2.020 2.525
B Gas flow rate [dm3/h] 60 70 80
C pKa of the promoter 7.8 9.3 10.8

Table 2
Box-Behnken matrix.

Experiment
number

A B C Promoter
concentration
[mol/dm3]

Gas flow
rate
[dm3/h]

pKa of
the
promoter

1 −1 −1 0 1.515 60 9.3
2 +1 −1 0 2.525 60 9.3
3 −1 +1 0 1.515 80 9.3
4 +1 +1 0 2.525 80 9.3
5 −1 0 −1 1.515 70 7.8
6 +1 0 −1 2.525 70 7.8
7 −1 0 +1 1.515 70 10.8
8 +1 0 +1 2.525 70 10.8
9 0 −1 −1 2.020 60 7.8
10 0 +1 −1 2.020 80 7.8
11 0 −1 +1 2.020 60 10.8
12 0 +1 +1 2.020 80 10.8
13 0 0 0 2.020 70 9.3
14 0 0 0 2.020 70 9.3
15 0 0 0 2.020 70 9.3
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while stirring rate, conductivity and gas flow rate strongly affect the
precipitation efficiency [24]. The reaction with gaseous carbon dioxide
is specific, because the formation of bicarbonate ionsduring CO2 absorp-
tion with chemical reaction is a limiting step of the CaCO3 precipitation
process [26]. The yield of calcium carbonate precipitation in a gas-liquid
system depends on the ratio of concentration of Ca2+/promoter [27],
the volume fraction of carbon dioxide in the gas stream supplied to
the reactor [28,29] and the type of absorption promoters [30,31]. Inves-
tigated CO2 absorption promoters have been: ammonia [32], and
selected amines like mono-, and triethanolamine [30], mono-, di- and
triethylamine [26].

Recently, there are many studies in the literature on the use of
calcium-rich waste as substrates for the production of calcium carbon-
ate [33,34]. The use of the gas-liquid method for this purpose allows
both the disposal of problematic industrial waste and the sequestration
of CO2 from exhaust gases. One of the processes in which generated
waste can be a source of Ca2+ in the CaCO3 precipitation, is the Solvay
process [35,36]. The produced post-distillation liquid contains mainly
calcium chloridewith a concentration of 1.010mol/L [33]. In soda plants
using the Solvay method, the waste post-distillation liquid is mainly
stored in landfills called white seas. This leads to the salinity of the sur-
rounding soil and groundwater, which is a serious environmental threat
[35]. Therefore, finding alternative methods for themanagement of this
type of waste is an important environmental issue.

The aim of this study was to compare the effect of selected process
parameters on the precipitation of calcium carbonate by the gas-liquid
method using a model post-distillation liquid from the Solvay process.
Based on previous experiments, the parameters tested were the type
of absorption promoter, its concentration and gas flow rate. The Box-
Behnken Design (BBD) was used to plan the experiments. The analysis
of the influence of selected parameters on the course of the process
and the characteristics of the obtained products was performed using
the response surface methodology (RSM).

2. Materials and methods

2.1. Materials

Anhydrous calcium chloride (POCH, Poland), sodium chloride
(P.P.H. STANLAB, Poland), 25% ammonia solution (POCH, Poland),
triethanolamine (TEA) (Chempur, Poland), triethylamine (Et3N)
(Chempur, Poland), methanol (POCH, Poland), di‑sodium wersenate,
standard solution 0.1 mol/L (Chempur, Poland), buffer solution pH 10
± 0.05 (Chempur, Poland), eriochrome black T (Chempur, Poland). All
reagents were of analytical grade and were used without further purifi-
cation. The water obtained by reverse osmosis was used to prepare all
solutions.

2.2. Particles preparation

Calcium carbonate particles were precipitated at atmospheric pres-
sure (1013 hPa) and room temperature (22 °C) using carbonation
method in passive CO2 capture system. Model post-distillation liquid
from the Solvay process with a volume of 0.2 L was used as a reaction
mixture. Such aqueous solution contained 1.01 mol/L of calcium chlo-
ride and 0.966mol/L of sodium chloride. Precipitation reactionwas car-
ried out in an open glass tank reactor with a total volume of 0.3 L. The
reaction mixture was stirred at 700 rpm using a magnetic stirrer. The
scheme of the experimental set up is presented in our previous work
[37]. Three absorption promoters with different pKa values were used:
TEA (pKa = 7.79), ammonia (pKa = 9.25) and Et3N (pKa = 10.81),
andwere added to the reaction mixture in variousmolar ratios with re-
spect to calcium ions ([promoter]:[Ca2+] = 1.5:1, 2:1 and 2.5:1). The
promoter concentrations were 1.515, 2.020 and 2.525 mol/L, respec-
tively. Gaseous CO2 in a mixture with air (xv,CO2 = 0.15) was continu-
ously supplied into the liquid phase through a porous glass plate and
433
gas mixing occurred during the flow, before it was supplied into the re-
action mixture. The gas mixture flow rate was 60, 70 and 80 L/h. The
course of the reaction was monitored by measuring the pH of the reac-
tion solution using composite electrode (ERH − 111 type, HYDROMET,
Poland) connected to the computer. The precipitation process was car-
ried out until the pH was reached 7. Complexometric titration of col-
lected samples (0.002 L) with EDTA was used to determine the initial
and final Ca2+ concentration. Obtained CaCO3 powder was filtered
and washed with water and methanol, and dried for 24 h at 90 °C.
2.3. Particles characterization

To characterize polymorphic composition and crystalline structure
of precipitated CaCO3 conventional powder X-ray diffraction technique
(XRD)with Cu-Kα radiationwas applied using theMiniFlex 600 diffrac-
tometer (Rigaku, Tokyo, Japan). The XRD analysis was carried out at
room temperature, at 0.2o scan rate and 2θ angle range of 20-80o. Addi-
tionally, Fourier transform infrared spectroscopy (FT-IR) was applied
using the Nicolet 8700 Spectrometer (Thermo Scientific, Waltham,
MA, USA). The suppressed total reflection (ATR) method was used.
Spectra were registered from 4000 to 500 cm−1 at 2 cm−1 resolution
using air as the background. Specific surface area and pore size of ob-
tained calcium carbonate particles were determine using the
Brunauer-Emmett-Teller (BET) method. These parameters were evalu-
ated from the adsorption-desorption isotherms of liquid nitrogen (77
K) detected using Surface Area Analyzer Gemini V (model 2365,
Micromeritics, Norcross, GA, USA). Before measuring, 0.1 g of the sam-
ple was dried and degassed for 2 h at 200 °C. The size of precipitated
particles was determined by a laser diffraction method using the ana-
lyzer Mastersizer 2000 (Malvern Panalytical Ltd., Malvern, United
Kingdom) equipped with a standard dispersion units Hydro 2000MU
with an ultrasonic probe supporting the breaking of agglomerates. The
range of particle diameter measurement was between 0.02 and 2000
μm. FEI Quanta FEG 250 scanning electron microscope (SEM) equipped
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Table 3
Box-Behnken results: percentage consumption of calcium ions (%Ca2+), percentage
vaterite content (XV), specific surface area (BET), pore volume (Vpor), and median size
(d50) of CaCO3 particles.

Experiment
number

Response

tr [min]
y1

%Ca2+ [%]
y2

XV [%]
y3

d50 [μm]
y4

BET [m2/g]
y5

Vpor [cm3/g]
y6

1 73 54.7 10.79 11.4 1.1626 0.0015
2 76,5 84.7 33.83 14.0 1.5482 0.0019
3 58 56.2 9.45 12.1 0.9358 0.0013
4 65,5 83.7 18.31 11.6 0.8441 0.0012
5 78 54.2 80.62 9.5 1.5418 0.0019
6 111 69.1 83.52 9.4 1.1393 0.0013
7 52 43.8 9.51 6.6 3.9683 0.0054
8 91 77.7 8.38 9.0 4.0551 0.0058
9 110 59.5 89.62 11.0 0.7674 0.0011
10 114 62.6 78.30 12.7 1.1511 0.0013
11 46,5 63.6 7.85 5.7 2.5212 0.0038
12 64 47.5 11.05 4.9 3.4915 0.0044
13 100,5 62.9 67.80 14.8 1.1325 0.0014
14 112 68.8 68.40 14.8 1.1542 0.0014
15 110 65.5 67.50 14.7 1.1289 0.0014
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with an Everhart-Thornley (ET) secondary electron detector (FEI, Hills-
boro, OR, USA) was applied to characterize the shape of obtained CaCO3

particles.
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Fig. 1. pH versus reaction time curves for all experiments dependin
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2.4. Experimental design

To determine the effect of selected variables on the efficiency of the
precipitation process, the percentage content of vaterite in the obtained
samples, the specific surface area, the pore volume and the median di-
ameter of precipitated CaCO3 particles, the response surface methodol-
ogy (RSM) as a statistical method was applied. Using the Minitab 19
Statistical Software (Minitab Inc., State College, PA, USA), an experiment
design was constructed exploit a three-level-three-factor Box-Behnken
plan. As the independent variables, promoter concentration (A), gas
flow rate (B) and pKa of the promoter (C) were chosen. Each of the pa-
rameters was tested on three levels: low (−1), high (+1) andmidpoint
(0). The values of levels for individual variables are summarized in
Table 1.

The use of the Box-Behnken designmethod allows adjustment of the
quadratic surface and creation of the second-order polynomial model
presented by Eq. (1). Moreover, thanks to this method, it is possible to
analyze the interactions between the independent variables with the
minimumnumber of experiments. The total number of experiments re-
quired is 15 and amatrix showing the parameters of each run is summa-
rized in Table 2.

y ¼ β0 þ∑
n

i¼1
βixi þ∑

n

i¼1
βiix

2
i þ∑

n

i¼1
∑
n

j>1
βijxixj ð1Þ
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Fig. 2. XRD patterns of calcium carbonate obtained in all experiments.

N. Czaplicka, D. Konopacka-Łyskawa, P. Lewandowska et al. Powder Technology 391 (2021) 432–441

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

where x – independent variable, y – predicted response, β0 – constant
term, βi – linear coefficient, βii – quadratic coefficient, βij – interaction
coefficient.

3. Results and discussion

3.1. Experimental design results

Table 3 summarizes the results obtained from all 15 experiments
plannedwith BBD. The responses are the reaction time (tr), the percent-
age of calcium ion consumption (%Ca2+), the percentage of vaterite in
the precipitated calcium carbonate (Xv), the specific surface area (BET)
and pore volume (Vpor) of the obtained particles and their median size
(d50). Based on results from Table 3, polynomial equations in uncoded
units presenting the empirical relationship between the responses and
selected independent variables were determined and presented in sub-
sequent chapters of this work. Furthermore, 3D response surfaces as a
function of two variables maintaining all parameters at fixed levels
were prepared. It is a graphic representation of the designated polyno-
mial equation. By analyzing these graphs, it was determined whether
the relationship between the responses and individual independent
variables is linear or quadratic. Based on BBD, an ANOVA was also
435
performed and Pareto charts were made for all responses, which en-
abled the effects of which variables and interactions are statistically sig-
nificant to be indicated. A high F-value and p-value less than or equal to
the significance level (α = 0.05) indicate that the model is statistically
significant.

3.2. The course of the precipitation process

Due to the reactions of bicarbonate and carbonate ions formation oc-
curringduring the carbonation process, thepHof the reactionmixture is
decreased. Therefore, measuring changes in the pH of the solution al-
lows monitoring of the precipitation rate. Graphs of pH versus reaction
time for all experiments grouped according to the CO2 absorption pro-
moter are shown in Fig. 1. Each of the absorption promoter is character-
ized by a specific course of the pH changes as a function of time.

3D response surfaces for the reaction time as a function of two vari-
ables are shown in Supplementary Materials in Fig. S1. Polynomial
equation presenting the empirical relationship between the reaction
time (ytr) and selected independent variables is given by Eq. (2). The
value of the coefficient of determination (R2) for this model equals
0.83. ANOVA analysis (Supplementary Materials, Table S1) and ob-
tained Pareto chart (Supplementary Materials, Fig. S2) show that the
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Fig. 3. 3D surface plots presenting the effect of (a) promoter concentration and gas flow
rate, (b) promoter concentration and promoter pKa, and (c) gas flow rate and promoter
pKa on percentage vaterite content in obtained CaCO3.
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type of absorption promoter (C) has the greatest impact on the reaction
time. Only for this variable, the p-value is lower than the significance
level (p ≤ α) and the exceeding of the baseline (2.571) in the Pareto
chart is observed, which indicates that effect of promoter pKa is statisti-
cally significant. The response surfaces graphs also show that the
relationship between the reaction time and the type of promoter in
the studied range is linear. The higher the promoter pKa, the shorter
the reaction time. The longest precipitation reaction was carried out
with the use of TEA (pKa 7.8) with a concentration of 2.020 mol/L and
when the gas mixture flow was set at its highest applied rate of 80 L/h.
The shortest precipitation time was observed at the same gas flow rate
and concentration of the promoter, which was Et3N (pKa 10.8).

ytr ¼ −1035þ 304Aþ 24:5Bþ 4:7C−78:2A2−0:1931B2−2:03C2

þ 0:2ABþ 2AC þ 0:225BC ð2Þ

Graphs showing 3D response surfaces for the consumption of cal-
cium ions as a function of two variables (Supplementary Materials,
Fig. S3) were made. The designated polynomial equation presenting
the empirical relationship between the calcium ions consumption
(y%Ca2+) and selected independent variables is described by Eq. (3).
The value of the coefficient of determination (R2) for this model equals
0.97. It turns out that the greatest influence on the consumption of Ca2+

ions is the concentration of the CO2 absorption promoter (A). This is
confirmed by the ANOVA results (Supplementary Materials, Table S2)
and the Pareto chart (Supplementary Materials, Fig. S4) obtained on
the basis of BBD. For the promoter concentration, promoter pKa, inter-
action between pKa and gas flow rate, and interaction between pKa
and promoter concentration, the p-value is lower than the significance
level (p ≤ α) and the exceeding of the baseline (2.571) in the Pareto
chart is observed, which on the one hand indicates that the effect of
these variables is statistically significant. On the other hand, 3D re-
sponse surfaces indicate that the consumption of calcium ions increases
with increasing promoter concentration and in the studied range this
relationship is linear. In the case of the promoter pKa (C), the relation-
ship is square with the maximum at the value of 9.3, i.e. for ammonia.
Therefore, the highest values of the consumption of Ca2+ ions were ob-
tained in the case of the reaction using ammonia (pKa 9.3) with the
highest tested concentration (2.525 mol/L). They are respectively
84.7% and 83.7% for gas flow rates 60 and 80 L/h. Thus, the slight differ-
ence in the obtained values indicates a slight influence of the gas flow
rate on this response.

y%Ca2þ ¼ −298−78:7Aþ 2:24Bþ 75C þ 13:71A2 þ 0:006B2−3:569C2

−0:124ABþ 6:27AC−0:32BC

ð3Þ

In ammonia solutions, the maximum theoretical ratio CO2:NH3 de-
pends on the conditions of reaction and CO2:NH3 is equal 1:2 when car-
bonate or carbamate ions are formed, while the ratio CO2:NH3 is 1:1
when bicarbonate ions are produced during CO2 absorption. The forma-
tion of carbamate, bicarbonate and carbonate ions in the case of ammo-
nia is described by Eqs. (4)–(6).

CO2 þ 2NH3 ! NH2COO
− þ NHþ

4 ð4Þ

CO2 þ 2NH3 þ H2O ! 2NHþ
4 þ CO2−

3 ð5Þ

NH2COO
− þ H2O ! NH3 þ HCO−

3 ð6Þ

In triethanolamine and triethylamine solutions, themaximum theo-
retical CO2 loading is 1:1 due to the base-catalyzed hydration mecha-
nism of carbon dioxide absorption [30] described by Eq. (7).

CO2 þ R3N þ H2O ! HCO−
3 þ R3N

þ ð7Þ
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Previous studies have also indicated an impact of the ratio of concen-
tration of CaCl2/promoter [27], the volume fraction of carbon dioxide in
the gas stream supplied to the reactor [28,29], and the type of absorp-
tion promoters [30,31] on the yield of calcium carbonate precipitation
in a gas-liquid system. The method used in this study showed that in
the studied range of variables, the selection of the absorption promoter
and its concentration have a significant impact on both the degree of Ca
ions conversion and the reaction time.
3.3. Percentage vaterite content

In all the experiments, the obtained samples of calcium carbonate
were a mixture of two polymorphs, vaterite and calcite, which is con-
firmed by the XRD diffractograms presented in Fig. 2, and FTIR-ATR
spectra (Supplementary Materials, Fig. S5). Polymorph composition of
CaCO3 samples was determined on the basis of XRD patterns. The
Eq. (8) proposed by Kontoyannis and Vagenas was used to calculated
the vaterite fraction in precipitates [38].
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XV ¼ 7:691I110V

I104C þ 7:691I110V

ð8Þ

where XV is the fraction of vaterite in the calcite-vaterite mixture, IV is
the intensity of the reflection peak at (110) for vaterite and IC at (104)
for calcite. The percentage vaterite contents in the samples are summa-
rized in Table 3.

Polynomial equation obtained in uncoded units presenting the em-
pirical relationship between the percentage vaterite content and se-
lected independent variables is described by Eq. (9). The R2 value for
this model equals 0.99, which indicates strong agreement between the
experimental and predicted responses. According to ANOVA (Supple-
mentary Materials, Table S3), the p-value is lower than the significance
level (p ≤ α) and the exceeding of the baseline (2.571) in the Pareto
chart (Supplementary Materials, Fig. S6) is observed for promoter con-
centration (A2), gasflow rate (B2) and promoter pKa (C). The p-value for
themodel described by Eq. (9) is 0,which indicates significantmodel fit.
Additionally, analyzing the 3D response surfaces shown in Fig. 3, it can
be concluded that in the studied range of variables, the influence of pro-
moter pKa on the vaterite content is linear, while in the case of gas flow
rate and promoter concentrations, the relationships are quadratic. Ac-
cording to the model, the samples obtained in the reaction with TEA
(lowest pKa) at concentration of 2.020 mol/L (average value) with a
gas flow of 70 L/h (average value) should be characterized by the
highest content of vaterite.

yXV
¼ −1144þ 473:8Aþ 32:88B−64:6C−100A2−0:243B2

þ 1:38C2−0:702AB−1:33AC þ 0:242BC ð9Þ
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The study of the mechanism of calcium carbonate formation led to
the distinction of the following stages of crystallization carried out at
room temperature: (i) formation of amorphous calcium carbonate, (ii)
transformation of amorphous calcium carbonate to thermodynamically
unstable vaterite, and (iii) slow recrystallization of vaterite into thermo-
dynamically stable calcite. Vaterite formation is kinetically privileged
and depends primarily on temperature and supersaturation [2,5,39].
Moreover, when the reaction is carried out at room temperature and
basic pH, the dominant crystal form in the product is vaterite
[21,32,39,40], and the proportion of vaterite decreases when the pH of
the reactionmixture is greater than 9. However, its content in the prod-
uct is also determined by the rate of transformation of the metastable
form into calcite, which can be inhibited, for example, by the presence
of inorganic and organic additives [1,37] or carbamate ions formed in
ammonia solutions (Eq. (4)) [26,41]. During precipitation with carbon
dioxide gas, the CO2 absorption is an important step, which allows for
the generation of supersaturation in the system. High pH promotes
CO2 absorption, and the addition of absorption promoters with pKa
above 7 increases the initial pH values of the reaction mixtures. More-
over, in alkaline solutions, CO2 formswith water the carbonates and bi-
carbonates necessary for the precipitation reaction. For the absorption
promoters used in these studies, the rate of CO2 transport from the
gas phase to the liquid phase increases in the TEA, Et3N and NH3 series
[42,43]. In previous studies, a mixture of vaterite and calcite was pre-
pared in the presence of ammonia and monoethanolamine, when the
time for passing CO2 through a 0.2 mol/L CaCl2 solution was relatively
long and set at 60 min. However, the currently planned tests, when
the CaCl2 solution was used with a concentration of 1.01 mol/L, and
NaCl was a component of the reaction mixture, the precipitation time
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Fig. 5. 3D surface plots presenting the effect of (a) promoter concentration and gas flow
rate, (b) promoter concentration and promoter pKa, and (c) gas flow rate and promoter
pKa on median particle size of obtained CaCO3.

N. Czaplicka, D. Konopacka-Łyskawa, P. Lewandowska et al. Powder Technology 391 (2021) 432–441

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

was relatively shorter and resulted from reaching the pH=7. Therefore,
the highest content of vaterite was obtained in calcium carbonate ob-
tained in the presence of TEA,when the pHof the solution during the re-
action was in the optimal range for obtaining vaterite (Fig. 1b). In
contrast, the lowest content of vaterite was when Et3N was the absorp-
tion promoter. Then theprecipitation took place at high pH,with amod-
erate rate of absorption, which made it possible to recrystallize the
vaterite particles formed at the beginning of the reaction. On the other
hand, in the case of the addition of ammonia, the absorption of CO2 is
the fastest and vaterite recrystallization is also possible, but the pres-
ence of carbamate ions may inhibit this process.

3.4. Particle size

The calcium carbonate volume-based median particle diameter, d50,
of a log-normal distribution was measured after the treatment with ul-
trasound because the particles stick together during drying. Particle size
distributions (PSDs) of all collected samples depending on CO2 absorp-
tion promoter are included in Fig. 4. All the particle size distributions
had a similar log-normal course. However, in all cases, presence of a
small particle fractionwith amaximumof about 700 nmcan be also no-
ticed, which indicates the presence of so-called primary crystals in the
samples.

Based on the obtained median particle size values, 3D surface plots
were prepared andpresented in Fig. 5 andpolynomial equation describ-
ing the empirical relationship between the median particle size (yd50)
and independent variables is given by Eq. (10).

yd50 ¼ −279:7þ 23:5Aþ 2:48Bþ 40:78C−4:82A2−0:01272B2

−2:198C2−0:155ABþ 0:85AC þ 0:0426BC
ð10Þ

The R2 value of thismodel is 0.91. According to ANOVA (Supplemen-
tary Materials, Table S4) and Pareto chart (Supplementary Materials,
Fig. S7) it can be determined, that only promoter pKa has a significant
effect on median CaCO3 particle size. Moreover, this relationship is
square with a maximum value of 9.3 (ammonia). Thus, the largest par-
ticles were obtainedwith the use of ammonia, and the smallest with the
use of Et3N. The remaining variables, i.e. promoter concentration and
gas flow rate, show a slight influence on the particle size, although it
can be noticed that the largest particles were precipitated in the reac-
tions using the average values of these parameters, i.e. 2.020 mol/L
and 70 L/h.

The size of the particles that are formed in the precipitation process
depends on nucleation, crystal growth and agglomeration. According to
the classical theory of nucleation, the critical size of a stable nucleus (rcr)
can be calculated from the relationship described by Eq. (11).

rcr ¼ 2σ
kTlnS

ð11Þ

where σ is the specific surface energy, S is the supersaturation, k is the
Boltzmann constant and T is the temperature. This relationship shows
that the greater the supersaturation in the solution, the smaller the sta-
ble nucleus can be formed. The activity-based supersaturation is defined
by Eq. (12).

Sa ¼
aCa2þaCO3

2−

Ksp

� �1=2

ð12Þ

where Ksp is the solubility product. The concentration of carbonate ions
in the reaction mixture depends on the pH of the solution, which is af-
fected by the dissociation of the absorption promoter added. A solution
containing a substance with a higher dissociation constant (pKa) will
have a higher concentration of OH- ions (higher pH value). Therefore,
when the pH of the solution is higher, as in the case of Et3N solutions,
the concentration of carbonate ions is higher, which allows to produce
438
a higher supersaturation in the solution and hence a smaller size of
nuclei and a greater number of them.

In all experiments, the particles obtained were in the form of ag-
glomerates, and the largest agglomerates consisting of deformed calcite
particleswere obtained in ammonia solutions. Comparing the size of the
CaCO3 particles obtained in this experiment when the CaCl2 concentra-
tion was 1.01 mol/L in the presence of sodium chloride to the calcium
carbonate particles obtained from a solution with a concentration of
0.2 mol/L CaCl2 [30], a similar effect of the absorption promoter can be
noticed, i.e. in both experiments the size of the particles obtained in
the presence of ammonia is the largest, and in the presence of Et3N
the smallest.

3.5. Specific surface area

The polynomial equation representing the empirical relationship be-
tween the specific surface area (yBET) and selected independent vari-
ables is given by Eq. (13). The R2 value equals 0.95, which indicates
that this model is statistically significant. Furthermore, the p-value is
equal 0.008, so it is lower than α. Thus, there is only 0.8% chance that
such a large F-value could occur due to noise. ANOVA results (Supple-
mentary Materials, Table S5) and Pareto chart (Supplementary
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Fig. 6. SEM photographs of selected samples (5000×magnification): 1 – NH3, 1.515 mol/dm3, 60 dm3/h, 6 – TEA, 2.525mol/dm3, 70 dm3/h, 7 – Et3N, 1.515mol/dm3, 70 dm3/h, 10 – TEA,
2.020 mol/dm3, 80 dm3/h, 12 – Et3N, 2.020 mol/dm3, 80 dm3/h, 13 – NH3, 2.020 mol/dm3, 70 dm3/h.

N. Czaplicka, D. Konopacka-Łyskawa, P. Lewandowska et al. Powder Technology 391 (2021) 432–441

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

Materials, Fig. S8) demonstrate that only the promoter pKa (C) shows
statistical significance. Surface plots (Supplementary Materials,
Fig. S9) also indicate, that promoter concentration (A) and gas flow
rate (B) have no important influence on specific surface area of
439
precipitated particles. The samples obtained during the reaction with
Et3N (the highest pKa) have the highest BET values. Due to the fact
that the surface pore volume is directly proportional to the specific sur-
face area, analogous relationships for both parameters are observed. The
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polynomial equation for surface pore volume (yVpor) is presented by
Eq. (14). R2 value for this model equals 0.97, which indicates statistical
significance.

yBET ¼ 33:7−5:22Aþ 0:459B−10:13C þ 1:328A2−0:00355B2

þ 0:5328C2−0:0236ABþ 0:161AC þ 0:0098BC ð13Þ

yVpor
¼ 0:0494−0:00943Aþ 0:000599B−0:01393C

þ 0:00201A2−0:000004B2 þ 0:00075C2−0:000025AB
þ 0:00033AC þ 0:000007BC ð14Þ

The specific surface area of the obtained calcium carbonate particles
with a small surface pore volume (Table 3) is inversely proportional to
the d32 particle size. The highest values of specific surface area were ob-
tained in the Et3N solution when particles with the smallest median di-
ameter were precipitated. The theoretically calculated specific surface
area for experiments No. 7, 8, 11 and 12 is 0.601, 0.643, 0.685 and
0.785 m2/g, respectively, and is smaller than that determined on the
basis of BET adsorption isotherms. The specific surface areas determined
by theN2 adsorptionmethod and calculated from theparticle size distri-
bution are of similar values when the particles are perfectly spherical
and non-porous. However, the calcium carbonate particles produced
in this work are irregular agglomerates. The CaCO3 synthesized in the
presence of Et3N have primary crystals about 500 nm in size, as seen
in the SEM images (Fig. 6).

3.6. Particle morphology

Morphology of calcium carbonate particles was characterized based
on SEM photographs. Pictures of selected samples obtained at a magni-
fication of 5000× depending on the type of absorption promoter are
presented in Fig. 6. The particles precipitated during all processes
were agglomerated. Samples that were precipitated in the presence of
ammonia are characterized by deformed particles with a smooth sur-
face and unsharp edges. Deformed rhombohedral calcite particles can
be observed as well as deformed spherical vaterite particles. In the
case of TEA, the resulting particles consist mainly of vaterite with a po-
rous surface and lenticular and spherical shape. Smooth rhombohedral
and slightly deformed calcite particles are also visible. The use of Et3N
results in obtaining particlesmuchfiner than in the case of the other ab-
sorption promoters used. Smooth rhombohedral calcite particles with
sharp edges are also visible.

4. Conclusions

The production of precipitated calcium carbonate from the
post-distillation waste solution generated in the Solvay technology is
an interesting approach to waste management. In addition, the use of
gaseous CO2, which may come from fuel combustion, is also in line
with the current trends in research on carbon capture, sequestration
and utilization technologies. In this study, the influence of selected pro-
cess parameters, i.e. pKa and concentration of the absorption promoter
as well as the gas flow rate, on the calcium carbonate precipitation pro-
cess from a model post-distillation solution containing CaCl2 and NaCl
was demonstrated. To ensure effective capture of CO2, the following
absorption promoters were added: ammonia, triethanolamine and
triethylamine differing in pKa values. The use of the Box-Behnken
Design method of planning experiments combined with the response
surface methodology allowed to state that in the studied range of vari-
ables, the type of absorption promoter characterized by its pKa has
themost significant impact on the reaction time, polymorphic composi-
tion of the obtained calcium carbonate, particle size and their specific
surface area. However, the concentration of the absorption promoter
significantly affects the consumption of calcium ions. All CaCO3 particles
produced were agglomerates and consisted of a mixture of vaterite and
440
calcite. The highest content of vaterite was obtained in experiments
with TEA, and the lowest in Et3N solutions. The calcium carbonate par-
ticles with the largest median diameter were formed in the presence of
ammonia, while the CaCO3 particles produced in the Et3N solution had
the largest specific surface area.
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