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ARTICLE INFO ABSTRACT

Communicated by Alexander van Driessche The aim of this work is to study the effect of the presence of different monovalent ions (Na*, NH;" and K") on the
nucleation and growth rates of CaCOg3 precipitation. There is currently great interest in the precipitation of

Keywords: CaCOj3 particles reusing CO rich flue gases and calcium-rich wastes, which implies the presence of foreign ions

Al.
Al.
Al.

Crystal morphology
Crystal structure
Growth models

that can affect the crystallization process. Unseeded and seeded tests were carried out in a batch system to es-
timate the nucleation and growth kinetics, respectively. Tests with NapCO3 and CaCl; as precursors led to the
classical calcite crystallization mechanism via vaterite formation at high supersaturations. On the other hand, the

Al. Nucleation
B1. Calcium compounds use of (NH4)2CO3 entailed lower pH and the presence of NH,4 ", which stabilized the vaterite and avoided its
B1. Salts transformation into stable calcite crystals. Thus, faster nucleation kinetics by using NaoCO3 were obtained. To

estimate the growth rate, tests with two initial seed loadings and types (micro and nano seed) were performed.
The growth rate increased with the crystal size and decreased with the magma density. The results indicate that
the ion effect on the growth rate seems to be related to the ionic radius of the foreign ion.

1. Introduction (a) Carbonic species and water equilibria

-
The precipitation of CaCOj3 crystals is of considerable interest to €02y 020 Kz )
researchers nowadays. The size and morphology of these crystals are
. . H,02H, K 2
easily tuneable through the synthesis method [1-3]. Thus, because of €0, + H20=H:C0; 4 @
their non-toxicity and biocompatibility, according to their morpholog- _
. . . © . X H,CO;2HCO; +H" K. 3
ical characteristics they are widely employed in different fields [1,4,5]. :
CaCOj synthesis can be controlled in order to tailor these morphological _ -
- ) HCO;2C0> +H" Ko )
characteristics for the final purpose of the crystals. Hence, the study of
the Prfecipitation mechanism and kinetic of CaCQ3 is important. The H,0=H" + OH" K, )
precipitation process takes place due to the reaction between calcium
and carbonate ions. Moreover, other ionic interactions are involved in
this process and could seriously affect the precipitation pathway. (b) Ion-pair equilibria
Equations (1)-(14) highlight all these ionic interactions. From the N N
carbonic species and water equilibria to the ion-pair and solid-liquid H™ + X 2HX K ©)
I . . . . . +
phase eq_u}hbrla. The reactions 1n\{olv1ng the f'o?mfitlon of CaOH™ and B* + OH =BOH K, @
CaHCOs3 ™ ions could be neglected since the equilibrium constants do not
favor their formation and their concentration are neghg'lblle ff)r the ionic Ca* + HC 0; 2 CaHCO; Keuneo: (8)
balance[6-8]. Thus, several factors can affect the precipitation process ’ : 3
and the predominant one is the supersaturation ratio (S) of CaCOs, - B .
Ca™" + OH 2CaOH Kcaon (C)]

which is the driving force of nucleation and growth phenomena and is
defined by eq. (15).

* Corresponding author.
E-mail address: samir.bensaid@polito.it (S. Bensaid).

https://doi.org/10.1016/j.jcrysgro.2021.126406
Received 5 February 2021; Received in revised form 21 October 2021; Accepted 24 October 2021

Available online 29 October 2021
0022-0248/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:samir.bensaid@polito.it
www.sciencedirect.com/science/journal/00220248
https://www.elsevier.com/locate/jcrysgro
https://doi.org/10.1016/j.jcrysgro.2021.126406
https://doi.org/10.1016/j.jcrysgro.2021.126406
https://doi.org/10.1016/j.jcrysgro.2021.126406
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2021.126406&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Liendo et al.

Ca** + CO; 2CaCO; Keaco (10
(c) Solid-Liquid phase equilibria
C'Lle(,;)T—)CazJr +2X~ Kia
an
B,CO;,22B" + COT K1 12)
Ca** + OH™ =Ca(OH),, Ky 13)
Ca** + CO¥2CaCO0y, Kyp-cc a4

C 2+ C027
S = /“ak# 15)
sp

Where kg, is the solubility product of the considered CaCO3 phase, while
aCa®*" and aCO?%~ are the activity of the calcium and carbonate ions,
respectively. The solubility product varies according to the CaCO3 phase
and is temperature-dependent. The activity of the ions is affected by the
operating conditions, such as temperature, pH, and ionic strength, ac-
cording to the Debye-Huckel law. Hence, the supersaturation ratio is
similarly affected. It follows that the factors mentioned above must
considerably influence the precipitation kinetic. Thus, different crys-
talline phases of CaCOs, such as calcite, vaterite and aragonite, can be
obtained. Calcite is the most stable phase of the CaCO3 at any temper-
ature, while vaterite and aragonite are metastable phases. The mecha-
nism of the CaCOj crystallization has been previously studied by
Rodriguez-Blanco et al.[9]. They studied the CaCOs precipitation
starting from a NapyCO3/CaCly mixture and concluded that the process
could be divided into two main stages. The first stage is characterized by
the transformation of the initially produced unstable Amorphous Cal-
cium Carbonate (ACC) in a metastable phase like vaterite, which sub-
sequently turns into stable calcite in the second stage. This research is in
good agreement with other works: for instance, Bots et al. studied the
mechanistic insights of the crystallization of ACC to vaterite and divided
the process into three stages: ACC formation and vaterite spherulitic
growth is the first stage, while the second and third stage concern the
vaterite growth and ripening. They also studied the effect of the pres-
ence of S04~ on the growth of these crystals, which reduces the rate of
ripening and produces smaller crystals[10]. Bots et al. combined their
results with those obtained by Rodriguez-Blanco et al., allowing them to
elucidate the full abiotic transformation mechanism from ACC to calcite
via vaterite[10]. The transformation of vaterite to calcite has also been
studied by Ogino et al., who determined that it proceeds through a
dissolution of the vaterite followed by calcite growth, which is the rate-
determining step[11].

Recently, there has been a growing interest in merging the need for
CO2 emissions mitigation with the production of high added-value
compounds. Calcium carbonate production is proving to be a prom-
ising route in carbon capture and utilization technologies. Different
strategies have been studied to fulfil this scope, but many of them
involve the use of chemicals for the CO2 absorption from the flue gases
[12] or the extraction of calcium sources from minerals or alkaline in-
dustrial wastes such as steel slags, fly ashes, waste cement, blast furnace
slags and salty waters[13,14]. The use of chemicals or wastes implies the
presence of foreign ions in solution such as Cl~, $042~, Na*, NH,4t, K*
and Mg?", which can affect the CaCO3 nucleation and growth mecha-
nism. Thus, controlling the crystal phase, morphology, and crystal size
distribution is fundamental [15].

Mg2* ions are highly present when calcium is extracted from steel
slag [16] and minerals such as wollastonite and merwinite [16-18].
Several researchers have studied the Mg?t ion effects on the
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precipitation of CaCOg3 [19-23]. These researchers agree that magne-
sium influences the precipitation process and promotes metastable
aragonite over calcite and vaterite [23-26]. The effect is similar for
different synthesis methods: the spontaneous precipitation reaction,
slow carbonation and the carbonation process [22,26,27]. Potassium
ions are known to control the crystal morphology. In their presence,
rhombohedral calcite crystals are stabilized, while in the copresence of
K™ and Mg?" ions, the formation of distinct aragonite needles and
monohydrocalcite spherulites can be observed.[15]. Ammonium chlo-
ride has previously been used as solvent in calcium extraction from
steelmaking slags [28,29]. Also, ammonia is widely employed to pro-
mote CO; absorption in carbonation processes [30]. Therefore, the effect
of ammonium should also be studied. Some studies have been developed
with this purpose, which reported that ammonia promotes metastable
vaterite formation regardless of the synthesis method under certain
conditions[30-34]. However, the study of the effect of ammonium ions
on the precipitation kinetics could be deepened as well as the effect of
sodium, potassium and chloride ions, since they are highly present in
different types of wastes. Wastes such as oil shale ash collected from
pulverized firings and fluidized bed combustion boilers [35], brines
originated from underground saline aquifers and brought to the surface
via oil and gas reservoirs[14], and brines discharged from seawater
desalination plants [36,37] have all been employed as calcium sources
and provide high Na*, CI”~ and K content.

This work aims to study the effects of the supersaturation ratio and
the presence of different ions, especially the monovalent ions NH4*, Na™
and K*, on nucleation and growth kinetics. It further aims to study the
effect of the morphology and size of the crystals on the growth kinetics
through seeded experiments. This study could be highly useful for pre-
dicting the precipitation process based on the raw material employed. In
such a way, the process could be controlled in order to obtain crystals
with tuned characteristics.

1.1. Population balance equation

In a batch system, a general Population Balance Equation (PBE) can
be expressed according to eq. (16).
on = L
2+ V-(Vn) =B-D 16)
where n is the number density (#/m3 of solution), B and D are the birth
and death of crystals respectively due to aggregation and breakage
phenomena. For the problem of a batch reactor (uniform and non-
stationary) discussed by Core and Mulligan [38], the PBE becomes

on d(Gn)

FPRaT) =B-D a7)

where G is the crystal growth rate. In this study, agglomeration and
breakage phenomena can be neglected since the system is under
continuous stirring, but not under high-stress conditions, which could
generate crystals breaking, thus, B and D are not present in the PBE. In
addition, size-independent growth and no crystal growth rate dispersion
were assumed; therefore, the PBE is simplified as shown in eq. (18).

on on

% + Gi =0 (18)

The size-independent growth assumption is widely employed to
study the growth kinetics of crystals precipitation since the crystal
growth is independent of crystal size per se[39]. Nonetheless, the crystal
size has an apparent effect because larger crystals that have a higher
settling velocity show a higher relative crystal-solution velocity. The
relative crystal-solution velocity is the ratio between the crystal velocity
and the bulk solution velocity. The crystal velocity depends on the
crystal mass, and thus on its size. In fact, Mydlarz and Jones[40]
concluded that the use of size-dependent growth models with two-three
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parameters allowed them to improve the correlation to experimental
data, particularly for large crystals (d, > 1000 pm, i.e. much larger than
our crystals in study). Despite these assumptions being valid under the
test conditions, they will be verified and validated in this paper.

1.1.1. Nucleation

Nucleation consists of a first-order phase transition where a new
phase is formed (solid), starting from an old one (liquid). The nucleation
occurs by forming small metastable clusters inside the liquid phase,
which grow until reaching a critical size and an energetic barrier is
overcome, giving place to the formation of a stable nucleus.

According to the classical nucleation theory[41], Homogeneous
nucleation takes place owing to elevated supersaturations. On the other
hand, heterogeneous nucleation is induced by the presence of surfaces
that act as “active sites”, such as foreign crystals.

According to this theory, both the homogeneous and the heteroge-
neous nucleation rate can be expressed through the Arrhenius law,
respectively through the eq. (19) and (20).

1670°V*
Jhom = Anom €XP (*ﬁ) (19)
3KBT3(lnS)
16760, V* >
Jher = Aper €X _— (20)
fet = et EXP ( 3KAT3(InS)’

where A is the pre-exponential factor for heterogeneous and homoge-
neous nucleation, ¢ is the interfacial tension, v is the molecular volume,
Kb is the Boltzman constant, and T is the temperature of the system.
Heterogeneous and homogeneous nucleation phenomena are dominant
for different supersaturation ratios. Heterogeneous nucleation pre-
dominates at a lower supersaturation ratio, while homogeneous nucle-
ation prevails at a higher ratio. The determination of the nucleation rate
plays an important role in crystal size control. Nevertheless, it is hard to
determinate the nucleation rate experimentally. Therefore, it is gener-
ally related to the induction time, which is strongly related to the
nucleation rate and can be estimated more easily.

The induction time is the period between an initial supersaturation is
created and the detection of the formation of the first crystal. The in-
duction time could be defined as the sum of the time for critical nucleus
formation and the growth to a detectable size. Therefore, the detection
technique plays an important role in the induction time determination.
It is often determined visually, turbidimetrically and conductimetrically
[42,43]. Thus, as the growth influences the induction time, its deter-
mination becomes difficult and some assumptions must be made. First,
the supersaturation is established instantaneously and remains constant
until the detection of the first crystal, where the crystal size distribution
starts to change and reaches a steady-state distribution, which implies
the assumption that the nucleation is not so fast or slow. The time of
steady-state distribution achievement coincides with the steady-state
nucleation rate achievement because the size distribution spans all
sizes up to the critical nucleus[43]. Therefore, nucleation rate and in-
duction time can be related through eq. (21).

1
J~— 21
tl(

Therefore, by substituting the eq. (21) in eq. (19), the induction time
can be expressed as a function of the supersaturation as shown in eq.
(22).

16 3,2
6V > 22)

t, =Aexp| ————
P (31(gT3(lns)2

In such a way, by linearizing the eq. (22), which becomes eq. (23),
and plotting the log(t,) versus (logS) 2 it is possible to identify the range
of the supersaturation ratio where homogeneous nucleation is dominant
over heterogeneous nucleation.
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(23)

1 3,2
Int, = InA, + ( bnoy )

3K3T3(InS)?

In addition to the influence of the supersaturation and temperature
on the induction time, another important factor to consider is the
presence of impurities, which will be studied in this work.

1.1.2. Crystal growth

The nucleation step is followed by the crystal growth, constituted by
two mechanisms: i) mass transfer of the ions from the bulk solution to
the crystal surface and ii) surface integration of the crystal unit in the
crystal lattice. Many theories were proposed to explain the mechanism
of the surface integration phenomena, such as Volmer, Kossel and
Frank’s Theory [44].

The growth rate is widely defined as the mean size (L) increase of the
crystal per unit of time and can be estimated experimentally through eq.
(24). Therefore, by monitoring the variation of the mean size and the
saturation level during the time, the growth rate can be related to the
absolute saturation (s = S-1) according to eq. (25), which describes an
empirical power law where k, is a kinetics constant, which is related to
the temperature, while g is the growth order, which is related to growth
controlling step. The use of an empirical power law in the evaluation of
experimental data for design purposes is convenient, especially when
neither the boundary layer transport resistance nor the surface inte-
gration resistance are clearly governing.

AL,
_ AL )
G == @24
G = k,s* (25)

High supersaturation ratios have g values equal to 1, i.e., linear
growth, while low supersaturation ratios entail a parabolic growth (g =
2) [45,46]. In addition, the growth rate follows a linear rate law if it is
controlled by surface adsorption. On the other hand, g values that are
distant from the unit reflect a crystal growth rate which can be assumed
to be controlled by the step when the growth unit is actually integrated
into the lattice, i.g. evidence of any surface kinetics limitation[46]. The
power law describes the crystal growth dependence with the tempera-
ture and supersaturation. Nevertheless, it cannot describe the growth
mechanism, which requires investigating and fitting the growth curve to
the equations of different growth mechanisms, such as spiral and two-
dimensional growth models [47].

2. Experimental and methods
2.1. Materials and methods

For the kinetics study of both nucleation and growth phenomena,
anhydrous granular CaCly, anhydrous powder Na;COs, 99.999% trace
metal basis (NH4)2CO3 and reagent grade KoCOs were employed to
prepare the precursor solutions in deionized water (y = 3 uS/cm). Two
different CaCO3 seeds were employed for the growth tests. First, a
commercial CaCO3 provided by Tec Star S.r.l, and a CaCO3 powder
synthesized with a procedure reported elsewhere[48]. The character-
ization of these powders is shown later.

After each test, the crystals were dried and characterized by means of
X-ray diffraction, crystal size distribution and morphological analysis.

The phase purity of the samples was examined by X-ray diffraction
on a Panalytical PW 3040 X’Pert equipped with a Cu anode for the Ka
radiation generation at 40 kV operating voltage in the 20 range of
20-70° with a scanning step of 0.013° and a radiation CuKa, k =
1.54056 A. The crystalline phase was identified by employing the
Powder Diffraction File PDF-4/Minerals 2020 of JCPDS. The crystal size
distribution was determined by employing a Coulter LS 230 laser crystal
size analyzer. Ultrasonic agitation (VCX 600 Ultrasonic) was used to
obtain well dispersed and agglomerate-free suspensions. The crystal size
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distribution (number or volume per cent) of the suspension was pro-
duced by the computer-controlled Coulter LS 230 instrument via soft-
ware. Morphological characterization was obtained using Field
Emission Scanning Electron microscopy (ZEISS MERLIN FE-SEM oper-
ated at 3 kV). FESEM provides topographical magnifications up to 1 000
000x and produces clear image resolutions down to 1 nm. A TEM-like
procedure for FESEM analysis was employed. The samples were pre-
pared for electron microscopy observations by suspending a small
amount of nanocrystals in isopropanol, through ultrasonic mixing for 30
min, and subsequently by placing a drop of the dispersion on a copper
grid coated with a layer of amorphous carbon. Finally, the sample was
dried at room temperature before FESEM analysis.

2.2. Experimental setup and methodology

2.2.1. Induction time estimation

The determination of the induction time and its variation according
to the supersaturation ratio were determined by measuring conductivity
and pH. The ion activity was calculated according to the Debye-Huckel
law. Equalvolumes of CaCl, and NayCOs solutions were quickly mixed in
an equimolar ratio, i.e. 1:1 and vigorously stirred, as shown in Fig. 1a.
The conductivity was continuously monitored. Different initial con-
centrations were tested and a different carbonate precursor (Nay;CO3 and
(NH4)2CO3), in order to study the effect of different supersaturation
ratios and ion presence on the nucleation. The pH was also measured to
determine the effective concentration of the carbonate ions, according to
the equilibria reactions described in eq. (13) and (14), and to determine
the supersaturation ratio. The conditions of each test including the
initial measured pH of the test (pHjy), ionic strength (I), ion activity(y)
and the related supersaturation ratios with respect to the calcite and
vaterite solubility product (Kspvar = 1.26 x 1078, Ksp-cal- = 3.3 x 107°)
are reported in Table 1 and Table 2.

In such a way, it was possible to obtain the change of the induction
time against the supersaturation ratio and plot the log(t,) versus the
(logS)2 to identify the homogeneous and heterogeneous nucleation
troughtthe change of the slope between the data. The kinetics parame-
ters were calculated considering the precipitated crystal phase, vaterite
or calcite, for the S evaluation. The effective carbonate concentration
was estimated through egs. (26) and (27).

ki

Co, (1) + OH’E HCO; (26)
kiz
/<_2|)
HCO; + OH —CO; +H,0 27)
a)
Na,CO,
solution

||

Cond. pH
750p8/cm 10.5

CaCl,
solution

Magnetic
stirrer

RPM

- 1
> 3
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Table 1

Tests Conditions for induction times measurements with sodium carbonate.
[CaClylin [NaxCOslin pHin I (mmol/  Log Scal  Svat
(mmol/L) (mmol/L) L) )
0.5 0.5 10.13 2.4 —-0.09 4 2.2
0.75 0.75 10.3 3.7 —0.11 7 3.5
1 1 10.3 4.9 -0.13 9 4.5
1.5 1.5 10.35 7.4 -0.16 13 6.6
2 2 10.4 10.0 —0.18 16 8.6
2.5 2.5 10.36 12.4 -0.20 19 10.1
3 3 10.5 15.4 —0.22 24 12.4
3.5 3.5 10.52 18.1 -0.23 27 14.1
4 4 10.44 20.3 —0.24 29 15.1
4.5 4.5 10.44 22.8 -0.25 32 16.6
5 5 10.44 25.3 —0.26 35 17.9
5.5 5.5 10.45 27.9 -0.27 37 19.4
6 6 10.46 30.6 —0.28 40 20.8

Table 2

Tests Conditions for induction times measurements with ammonium carbonate.
[CaClylin [(NH4)2COslin pHi, I(mmol/ Log Scal Svat
(mmol/L) (mmol/L) L) )
2 2 8.81 0.024 —0.26 3.27 2.1
2.5 2.5 8.89 0.03 -0.28 4.27 2.7
3 3 8.90 0.036 —0.30 4.92 3.2
3.5 3.5 8.89 0.042 —0.32 5.42 3.6
4 4 8.83 0.048 —-0.34 5.61 3.7
4.5 4.5 8.78 0.054 -0.35 5.80 3.9
5 5 8.72 0.06 —0.36 5.82 3.9
5.5 5.5 8.69 0.066 -0.37 6.04 4.1
6 6 8.67 0.072 -0.39 6.27 4.2
6.5 6.5 8.61 0.078 —0.40 6.29 4.2
7 7 8.58 0.084 —-0.41 6.30 4.3
10 10 8.45 0.12 —0.45 6.99 4.8

2.2.2. Growth kinetics estimation

Fig. 1b shows the experimental setups of the growth tests, where a
perfect mixed reactor is employed, containing an initial loading of
crystals (seeding), in which only crystal grow takes place, owing to low
supersaturations. The PBE described in eq. (18) in which the size-
independent growth rate is considered, can be rewritten as a function
of the momentum:

dmk(t)
dt

= kG(t)my_ (1) (28)

where my is the generic momentum of order k, which can be expressed as

m = / L*n(L, t)dL (29)
0

Being the solid concentration balance equation in a fluid-solid

b)

Na,CO,
solution

CaCo, 100

crystals + 80
Ca(OH),
. 1

solution 20

Magnetic
stirrer

RPM

Fig. 1. Experimental setups of a) Nucleation tests b) Growth tests.



F. Liendo et al.

system expressed as a function of the mg through eq. (30), the mass
balance of the solid phase during the precipitation process can be
described according to eq. (31).

Mr = p.gy / ) L*n(L,t)dL (30)
0

Mcaco, Vi(Co— C(1)) = Viyp, (’"3 () —msg ) (€20

where Mr is the loading of the suspended solids, p. is the crystal density,
¢y is the volumetric shape factor, Mcqco, is the molar weight of the
CaCOg, Vy, is the volume of the liquid phase, Cy is the initial concen-
tration of CaCOs, C(t) is the CaCOs in the time, Vg is the suspension
volume, m3(t) is the momentum of third-order at time t, and ms g is the
initial momentum of the third order.

Eq. (31) can be derived with respect to time, and the term, dmgs/dt,
from the eq. (28) can be substituted in order to obtain the eq. (32), which
relates the change of the ion concentration according to the growth rate.
The data proceeding can be simplified by employing low concentrations
of calcium and carbonate ions, approximately 5% of the initial seeding
loading, in order to avoid significant changes in the crystal size distri-
bution and in the surface area of the seeding crystals, which makes it
possible to consider my as constant. Since the population density n(L,t)
as a function of the mass size distribution is expressed according to eq.
(33), the my can be calculated from the initial size distribution through
eq. (34). In such a way, the growth rate can be determined by the
concentration variation according to eq. (35).

ac_ . v,

—— =3— myG(t 32
ar Meuco, VL¢vl)rm2 (1 (32)
s L7 t
A P {CU) (33)
pvpe L
my & myy = M}g, with =1, = / 8(L,0) dL (34)
bvp. 0 L
dc 1
G(r) = - 35
0 ==a 3¢, (35)

The precipitation system consists of a stirred reactor containing the
seeding suspension with a known concentration of Ca(OH)s. The system
is controlled employing temperature water bath and N3 atmosphere. The
seeding loading was calculated in order to get an increase of the
precipitated mass lower than 5%.

Once the temperature was controlled and stable, 5 mL of a concen-
trated solution of NapCO3/ KoCOs/ (NH4)2CO3 were rapidly injected in
the reactor to have the same concentration of Ca>" and CO32~ ions. pH
and conductivity were continuously recorded to obtain the change of
concentration of ions in the solution according to a procedure described
elsewhere[49]. Hence, it was possible to correlate the concentration of
ions to the growth rate during the test according to eq. (35). After that, a
linear regression of the data made it possible to obtain a linearized data
for Log G versus Log s and a solution for the linearization of the eq. (25),
in which the slope corresponds to the growth order, g and the intercept is
the kinetics constant Kq. Table 3 summarizes the operating conditions of
the different runs performed to study the crystal growth of CaCOs3.

3. Results and discussion
3.1. Nucleation

The kinetics parameters of the CaCO3 nucleation were determined as
explained previously, and the data are reported in the supporting in-
formation in section 1 (see figures S1, S2 and S3). The use of different
carbonate precursors entailed variations in the kinetics parameters
because of different supersaturations for the same initial concentrations.
As demonstrated through XRD analysis and FESEM micrographs
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Table 3
Different conditions for kinetic growth tests.
Run  Calcium Carbonate Carbonate Seed Seed loading.
conc. (mM) conc. (mM) salt (mmol/kg)
1 0.2 0.2 Na,CO3 micro 25
2 0.2 0.2 K,CO3 micro 25
3 0.2 0.2 (NH,4)2CO3 micro 25
4 0.2 0.2 Na,COg3 nano 25
5 0.2 0.2 Na,CO3 micro 5
6 0.2 0.2 K2CO3 micro 5
7 0.2 0.2 (NH4)»CO3 micro 5
8 0.2 0.2 Na,CO3 nano 5
9 0.2 0.2 K>CO3 nano 5
10 0.5 0.5 NayCO3 micro 25
11 0.3 0.3 Na,CO3 micro 25
12 0.1 0.1 Na,CO3 micro 25

illustrated in Fig. 2, the nucleation mechanism was noticeably affected.
Starting from NH4(CO3),, mainly vaterite was detected, as illustrated in
Fig. 2a., while starting from NayCOs, a mixture of calcite and vaterite
was obtained as shown in Fig. 2¢, according to the vaterite and calcite
reference JCPDS card nr. 05-0586 extracted from the PDF-2 database.
Naturally, the precipitated vaterite and calcite crystals showed different
morphologies. Vaterite had a spherulitic shape formed by very fine
crystals, while the calcite crystals showed the classical rhombohedral
morphology, as shown in Fig. 2b and c, respectively. These results were
expected according to the CaCOj3 precipitation mechanism in the pres-
ence of NayCOs described by Rodriguez-Blanco et al.[9], the calcite
formation via vaterite. While in the presence of (NH4)2COs3, the free
NH4" ions tend to interact with the vaterite surface, thus stabilizing the
particles and avoiding the transformation into calcite, as reported by
some researchers [30-32]. Furthermore, the use of (NH4)2CO3 entailed
lower pH, which also promotes the formation of vaterite against calcite.
Several tests regarding the phase content at different stated pH values
were performed and reported in the supporting information (See figure
S4). These tests confirmed the effect of the pH on the vaterite and calcite
content, indicating that at higher pH (>11) the only formed phase is the
calcite. This is in good agreement with Tobler et al. [50], who stated that
at high pH values, the precipitation mechanism described is a direct
formation of calcite crystals without the vaterite intermediate
formation.

The kinetic parameters of eq. (22) were determined by plotting log
(ty) versus (LnS) "2 as in eq. (23) (applying a molecular volume of v =
6.13 x 10~%° m3 for calcite and v = 3.13 x 10~2° m® for vaterite) and
shown in Fig. 3, where it is possible to identify a critical supersaturation
ratio equal to 3.8 and 27 when NH;" and Na' ions were employed,
respectively. For supersaturation ratios higher than these values, ho-
mogeneous nucleation is the driving mechanism, while heterogeneous
nucleation is dominant at low supersaturation ratios. As reported in
Fig. 3, the homogeneous nucleation zone shows a higher slope than the
heterogeneous one because of the dependency of this value on the
interfacial tension according to eq. (22). In fact, the values for homo-
geneous nucleation are higher than those for the heterogeneous one and
they are the actual interfacial tension values for CaCOs.

The interfacial tension is different for the different CaCOj3 crystalline
phases [51]. Thus, considering that the crystalline phase in both cases is
different, the obtained values of this parameter are different for the
different carbonate salts. When (NH4)2CO3 was employed as a carbonate
source, mainly vaterite precipitated and the values of the interfacial
tension of the homogeneous nucleation were lower than those obtained
when NapyCO3; was employed. In this case, mainly calcite crystals
precipitated with a small presence of vaterite crystals, elucidating the
calcite precipitation via vaterite, which was not observed with the
ammonium carbonate. The value obtained for the vaterite crystals was
very similar to the values reported by Gomez-Morales et al.[52] and
Verdoes et al.[53], while for the mixture of calcite and vaterite (when
NayCO3 was used), the value of the interfacial tension was similar to
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Fig. 2. Characterization of precipitated CaCOs with ammonium carbonate (a and b) and sodium carbonate (c and d) as COs>~ source.
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Fig. 3. Homogeneous and heterogeneous nucleation regions and kinetic parameters determination by using ammonium carbonate (a) and sodium carbonate (b) as

C032’ source.

those found by Flaten et al. [51]. Concerning the pre-exponential factor
(reported in Fig. 3), it was considerably larger when (NH4),CO3 was
employed since it is the supersaturation independent part of the nucle-
ation rate, which, among other factors, reflects the attachment fre-
quency of monomers to the nucleus [54]. Therefore, it is affected by the
ions present in the solution because of their different interaction with
the crystal surface. The presence of NH4" ions could slightly increase the
viscosity, which could also change the diffusivity, directly affecting the
A pre-exponential factor and producing a reduction in the nucleation
rate [51,55,56]. Therefore, the presence of NH4 " ions led to an increase
of the A value for homogeneous nucleation. The obtained value is lower
than the theoretical expected one, which is very common
experimentally.

In the heterogeneous nucleation, the interfacial tension values were
similar in both cases and lower than those of the homogeneous one. This
might be due to the crystallization of the same phase, the vaterite,

starting from both carbonate salts, because milder conditions, low su-
persaturation levels and pH values (see conditions reported in Table 1
and Table 2), lead the formation of vaterite [50]. Nonetheless, these are
not the actual values for vaterite in solution, but they are reduced by the
presence of foreign crystals, indicating that the energy barrier to over-
come is lower than in the case of homogeneous nucleation [57]. In this
case, the pre-exponential factor was affected in the same way; it was
higher in the presence of the NH,;", explaining the slower nucleation
rate. Furthermore, it is important to point out that the slope for the
heterogeneous nucleation for (NH4)2CO3 was slightly higher. This
indicated a slightly faster nucleation rate, which is highlighted in the
smaller crystal size shown in the FESEM micrographs of the heteroge-
neously nucleated crystals illustrated in the supporting information (see
figure S5).
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3.2. Growth

The tests were performed by employing two different kinds of seeds.
Microcrystals and nanocrystals were characterized before tests, and
their characterization is shown in Fig. 4. The samples have the same
crystalline phase, as shown in Fig. 4 a and b, which shows a pattern that
perfectly matches with the calcite reference JCPDS card nr. 05-0586
extracted from PDF-2 database. Unlike the crystalline phase, the crys-
tals mainly differ in size and morphology: the so-called micro seed has a
crystal size distribution (CSD), which indicates a mean crystal size equal
to 6 um, reflection of the crystals agglomerates shown in the FESEM
micrographs in Fig. 4 e, with a laminated rhombohedral shape. The nano
seed has a bimodal CSD with a mean size equal to 2 ym, as shown in
Fig. 4 c and d, respectively. The CSD measurement of the nano seed was
also affected by agglomeration since the crystals are highly agglomer-
ated, as illustrated in the FESEM micrographs (See Fig. 4 f), which show
rhombohedral nano calcite primary crystals. These morphologies are
characteristic of calcite, which is the only phase present in these
samples.

The kinetic parameters of the crystal growth were determined from
the change of pH and conductivity (k) as elucidated in the section 2 of
the supporting information (See figures S6, S7, S8, S9, S10 and S11).
Accordingly, the effect of different parameters was evaluated. The initial
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concentration of Ca?' and C032’ ions, i.e. the supersaturation, was
varied in order to study its effect on crystal growth kinetics. The growth
constant was increased with the supersaturation, as shown in Fig. 5a. At
low initial concentrations, 0.1 and 0.2 mmol/L, the growth constant was
equal to 4.8 x 107! and 3.9 x 107! m/s, respectively, with an order g
= 2. In contrast, at higher initial concentrations, 0.3 and 0.5 mmol/L, it
was equal to 2.9 x 1071% and 1.2 x 1071% m/s, respectively, with g = 1.
These results suggested that the crystal growth constant decreased with
the initial supersaturation, and a linear model at high supersaturations
represents the growth rate. In contrast, a parabolic growth at low su-
persaturations describes it. These results were expected[45,46] and
indicate that CaCO3 growth follows the Burton, Cabrera and Frank (BCF)
model [58]. Furthermore, Salvatori et al.[49] obtained the same trend
for the growth kinetics of BaCOj3 crystals.

Also, the effect of different ions on the growth kinetics was deter-
mined. The growth order was 2 for every run. Therefore the parabolic
growth indicates a kind of surface kinetic limitation[46]. Ammonium,
potassium and sodium carbonate were employed to study the effect of
these cations on the crystal growth of CaCOs. Fig. 5b shows the effect of
the carbonate salt cation on the crystal growth constant, Kg by
employing two different initial loadings of seed. With a low initial
loading of the micro seed (5 mmol/kg), the K, was reduced by increasing
the ionic radius of the cation from the carbonate source (Na™ < K™ <
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. b .
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Fig. 4. Seeds characterization. a) Micro seed XRD pattern. b) Nano seed XRD pattern. ¢) Micro seed CSD. d) Nano seed CSD. e) Micro seed FESEM micrograph. f)

Nano seed FESEM micrograph.
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Fig. 5. Operating parameters effects on the CaCOs growth kinetics. a) Ion and Ca®" and CO5>~ concentration effect (Constant micro seed loading equal to 5 mmol/
kg, NayCO3 as CO3%™ source). b) Ion and micro seed loading effect (Constant Ca®* and CO32~ concentration, 0.2 mM). ¢) Seed size and CO32~ source influence
(Constant Ca®" and CO5%~ concentration, 0.2 mM and seed loading equal to 5 mmol/kg). d) Seed size and loading (Constant Ca®* and CO52" concentration, 0.2 mM;

NayCO3 as CO32~ source).

NH,") due to the small radius of monovalent ions, such as K* and Na*, is
suitable for interstitial inclusion of crystals [59,60]. On the other hand,
NH4" has a larger ionic radius, which implies that the preferential
adsorption of Ca’t on the crystal surface is hindered by NH4t [59].
Likewise, some researchers have found similar results; for instance, Jung
et al. [59] determined that the crystal size inversely increased with the
ionic radius of the cation. Furthermore, the use of (NH4)>CO3 entailed
lower ionic strength because of the NH,; " hydrolysis, which may reduce
the crystal growth rate, according to Tai et al.[61].

For higher loadings of the micro seed, the K, values obtained were
lower, reflecting the results published by Isopescu et al.[62], who
observed that the growth rate decreased with the solid loading, i.e. seed
loading. Furthermore, the same behaviour concerning the ionic radius of
sodium, potassium and ammonium ions was obtained, i.e. slower crystal
growth rate in the presence of ammonium ions (see Fig. 5b). Nonethe-
less, Reddy and Gaillard[63] suggested that the growth constant in-
creases with the seed charge. The highest value of growth constant was
obtained by using NapyCOs as C032_ ion source and 5 mmol/kg as initial
loading of seed, which was equal to 1.8 x 1071° m/s that is similar to
those obtained by Spanos and Koutsoukos [41] and Andreassen and
Hounslow|[8]. Hence, in general terms, the kinetic parameters reported
in this work are very similar to those reported by Verdoes et al.[53] who
determined a parabolic growth and a K; equal to 2.4 x 10712 mys.
Instead, Flaten et al.[51] who used CaCl, and NayCOs established
parabolic growth and Kg values between 7.0 x 107 ¥ and 1.2 x 10712 m/
s. On the other hand, other researchers have obtained K, values equal to
1x10 % and 5.3 x 1079 mys [8,41]. The uncertainty between these
results could be caused by the different operating conditions and
experimental setups employed for the experiments. The kinetics of

precipitation is very sensitive to any environmental parameter [44].

The effect of size is shown in Fig. 5¢ by employing Na,CO3 and
K,CO3 as CO32’ source and initial seed loading equal to 5 mmol/kg. The
growth constant, Kg, is affected in the same way by the ion, i.e. it was
higher by employing smaller ionic radius cation for both seeds, micro
and nano sized ones. However, the Ky is smaller for fine crystals (nano
seed), which indicated that the assumption of size-independent growth
was not respected and that the growth rate was directly proportional to
the crystal dimension. Several studies on size dependence of crystal
growth, with different crystals, reported that the growth rate increases
with the crystal size [40,64-67]. Correspondingly, CaCOj3 crystals have
previously shown this size-dependence growth in a previous kinetics
study conducted by Tai et al.[6]. Also, through carbonation Isopescu
et al.[62] studied the precipitation of CaCO3 and determined that the
size-dependent growth models predicts very well the CSD at low resi-
dence times and low supersaturations, indicating that the growth rate is
directly proportional to the crystal size (CS). These results could be due
to growth rate dispersion as suggested by Randolph and Larson [68].
Furthermore, results from Tai et al.[6] suggested that the surface inte-
gration step is responsible for the size-dependent growth of calcite
crystals due to larger crystals are likely to suffer to collisions, causing
surface damage and more spiral centers that increase the crystal growth
rate. Furthermore, crystals with different dimensions may have different
mechanisms in the mass transport process. In fact, Tai et al.[6] also
attributed this trend to different mass transport processes for large and
small crystals.

The size effect was also studied by employing different initial seed
loadings (5 and 25 mmol/kg) and using NayCOj as the source of CO32~
ions. The result was very interesting because the growth rate should
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decrease with solid loading and smaller crystals, as elucidated before.
Nonetheless, results reported in Fig. 5d do not reflect exactly this
behaviour. The K was reduced by increasing the seed loading from 5 to
25 mmol/kg when micro and nano seed were employed, and at low
crystal loading, the crystal growth rate was lower for smaller crystals.
Nonetheless, at high crystal loading, the reduction of the K was not that
evident when smaller crystals were employed. This unexpected behav-
iour may also be due to probable agglomeration phenomena of the nano
seed, which was not taken into consideration in the model. The
agglomeration is favored at higher ionic strengths, higher solid loadings
and small sizes [69-71]. An increase of the crystal size leads to a higher
energy barrier for the agglomeration [71], which agrees with the DLVO
theory (named after Derjaguin and Landau, Verwey and Overbeek),
which explains the aggregation of the aqueous dispersion and estab-
lishes that smaller crystal can agglomerate easily [72]. This is because
the fine crystals tend to aggregate to achieve a minimum total surface
free energy, owing to their surface free energy [13]. In fact, the micro
seed showed higher stability (|{| > 30 mV) than the nano seed, which
had a zeta potential slightly greater than zero, as shown in the zeta
potential measurements reported in the supporting information of this
paper (See figures S12, S13, S14 and S15).

Furthermore, the so-called micro seed had a different structure with
higher roughness because of its laminated shape. So, the higher crystal
growth rate can also be attributed to this shape, since it provides more
active sites and edge sites for the kink formation and propagation along
the plane (1014), which is the cleavage plane with obtuse and acute step
edges dominating equilibrium and growth morphology of calcite
[73-75]. Roughness provides a greater surface concentration of step
sites available for the integration of new growth units into the lattice
[47,76].

4. Conclusions

CaCOg precipitation kinetics are widely affected by several param-
eters: ions, seed size, seed loading, and supersaturation. Different ions
could interfere to a different order of magnitude according to their ionic
radius and its interaction with the crystal surface. Instead, seed size and
loading could affect the mass transfer and surface integration. Finally,
precipitation kinetics seem to show a strong supersaturation depen-
dence, since the mechanism of nucleation and growth is different at low
and high supersaturations.

At low supersaturations, heterogeneous nucleation was predomi-
nant, while high supersaturations led to homogeneous nucleation. The
nucleation of CaCO3z could be controlled by using different CO32~
sources and favouring a certain crystal phase or morphology, e.g.
(NH4)2CO3 promotes the nucleation of vaterite, while the use of NayCOg3
will produce mainly calcite crystals. At high initial pH when (NH4)2CO3
was used, the formation of vaterite was inhibited, modifying the pre-
cipitation mechanism. In addition, the kinetics for both Cng’ sources
were different; the homogeneous nucleation in the presence of Na;CO3
was faster than in the presence of (NH4)2,COs3 while the values of the
heterogeneous nucleation were comparable, probably because in this
case, the same CaCOgs phase, the vaterite, was obtained.

The power-law model could be employed to study and describe the
growth rate. At higher supersaturations, the kinetics order of the crystal
growth was 1, while at low supersaturations, it was 2. Furthermore, the
growth rate was affected by the presence of different ions. Ions with
smaller ionic radius entailed higher growth rates. Nevertheless, the use
of different solid loadings and crystal sizes entailed variations of the
growth constant of the power law, which indicates, in addition to a size-
dependent growth, an influence on mass transfer. Therefore, it could be
advisable to employ a two-step model, which could better determine the
influence of these parameters. Also, even if the proposed model allows
an approximation of the growth rate constant to be obtained, a better
determination of this value could be obtained by employing another
kinetics model that takes into consideration the size-dependent growth
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and aggregation phenomena.
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