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Abstract: The precipitation of calcium carbonate is well studied in many fields of research and
industry. Despite the fact that, or perhaps because of the fact that, it is well studied in many fields,
different approaches have been used to describe the kinetics of the precipitation process. The aim
of this study was to collect and compare the data available in the literature and find a consistent
method to describe the kinetics of growth and nucleation of the various polymorphs of calcium
carbonate. Inventory of the available data showed that a significant number of the literature sources
were incomplete in providing the required information to recalculate the kinetic constants. Using a
unified method, we obtained a unique set of parameters to describe the kinetics for growth for calcite,
vaterite and amorphous calcium carbonate (ACC) and nucleation for vaterite and ACC. Recalculation
of the kinetic constants demonstrated that calcite confirmed there are two growth mechanisms within
one polymorph, namely pure spiral growth and spiral growth mixed with surface nucleation. The
spiral growth does not show second-order growth, which is typically attributed to it. Re-evaluation
of the available nucleation data confirmed the suggested existence of a second pure ACC polymorph
with a solubility product between 107587 and 105! mol? kg, 2.

Keywords: crystal growth; crystal nucleation; kinetics; vaterite; calcite; amorphous calcium carbonate

1. Introduction

Calcium carbonate precipitation is a widespread phenomenon and a relevant topic
for many fields of research and industry. Theories have been developed to describe
the growth and nucleation kinetics of calcium carbonate minerals that may be used to
determine the size, shape and number of crystals for a given solution composition and
environmental conditions. Because calcium carbonate precipitation is such a prevalent
phenomenon, much of the literature is dedicated to the kinetics of calcium carbonate
precipitation. However, despite, or perhaps because of, the vast amount of the literature
available, various approaches have been used to describe the kinetics and determine the
kinetic constants, which may lead to inconsistencies when comparing the different datasets
and make it difficult to develop a unified approach which fits all available data. It may
very well be possible that the relevance to the different fields has contributed to the wide
variety of approaches. The fact that calcium carbonate crystals have multiple polymorphs
complicates the already abstruse situation even further.

Inconsistencies in the literature can have multiple sources. The first source is an
inconsistent use of definitions. For example, the (super-)saturation, S, which is at the core
of any theory on mineral precipitation kinetics, is not always used consistently. Although
the definition of saturation is, in most cases, the same, the way saturation is used in the
equations varies significantly depending on the application or research field. Saturation
and supersaturation are used interchangeably, and sometimes supersaturation index is
used. It is not always clear which polymorph is referred to, and supersaturation is often
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confused with a driving force (e.g., In(S), (c—c*) or (y/S—1)). Another example leading to
errors is the ambiguous usage of the mathematical operator “log”. It is not always clear
when results are plotted on a logarithmic scale whether “log10” or “In” is meant (e.g.,
in [1-3]). We will discuss definitions in the methods section.

The second source of inconsistencies is the methodology to calculate saturation. Solu-
tions containing calcium and dissolved inorganic carbon tend to form complexes, and it is
therefore important to take ion speciation into account. Additionally, activity corrections
are required to account for the non-ideal behavior of aqueous solutions. The calculation
of speciation and activity corrections depend on each other in a non-linear way and are
subject to many considerations. For speciation calculations, the concentrations of ions
and ion complexes that are very small are sometimes neglected. For activity corrections,
many different methods are available, such as the extended Debye-Hiickel method, the
Davies method, the specific ion interaction theory (SIT) and the Pitzer equations, among
many others. These methods always have a limited application for a specific range of ionic
strengths of the solution and sometimes a limited validity for the amount or valency of
ions present in solution. Both the limited application of activity correction methods and
the occurrence of certain ion complexations are not always considered and may lead to
significant deviations in the calculated saturation and consequent precipitation kinetics.

The third source of inconsistencies is related to variations, errors and omissions in
the reported experimental procedures that limit the interpretation and reproducibility of
published results. In some cases, methods are not always clearly described, and units or
values of required parameters are not always provided (e.g., [4,5]). It is not always possible
to reproduce solutions from a materials section when they are not described completely
or accurately.

These kinds of inconsistencies may not be a problem for a single study dealing with
growth or nucleation of a single polymorph only. However, they make it difficult to check
or reproduce the results and can result in significant variations when trying to combine the
results of various studies, as we demonstrate here in this review.

This study aimed to review the available data in the literature describing the kinetics
for growth and nucleation of calcium carbonate and develop a unified approach to compare
all available datasets. The study was performed based on observations during experimental
studies on Microbially Induced Carbonate Precipitation (MICP) by urea hydrolysis, which
showed that size, shape, and type of the calcium carbonate crystals varied significantly
depending on the hydrolysis rate and available surface area for crystal growth [6,7]. Based
on Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD) analysis, three dif-
ferent polymorphs were identified: calcite, vaterite and amorphous calcium carbonate
(ACC). Other polymorphs (aragonite, ikaite and calcium carbonate monohydrate) were not
included in the study, as these were not observed in the experiments and are considered
uncommon in freshwater environments or at the relevant temperature range [8,9]. We used
all relevant data in the literature that we could find, as well as the reported solution com-
positions and equations from the Theory section described below, to recalculate saturation
values in a single consistent manner, so that all data could be compared with each other.
The resulting saturation data were used to determine growth and nucleation parameters for
calcite, vaterite and amorphous calcium carbonate (ACC). The kinetic parameters obtained
in this way will enable us to describe the crystal precipitation kinetics consistently, as long
as the same definitions and methods are used.

2. Theory

In this section, we present the equations and definitions used in this study to recalcu-
late the crystal growth nucleation rates from the solution compositions.
Firstly, the activity of an ion is determined by the following:

a; = yim; 1)
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where a; is the activity of ion i in mol kgw ! (kgw is kg of solution, in this case water), 7; is
the unitless activity coefficient of ion 7 and is determined by an activity correction method
and m; is the molality of ion i in mol kgw ~_.

The activities of the calcium ions and carbonate ions are then used to calculate the ionic
activity product of calcium carbonate to give the saturation for the various polymorphs.
The saturation definition [10] used in this study is as follows:

IAP _ Ila;

Sj=—— ="+ 2

=% =K @)
where §; is the saturation of crystal j, IAP is the ionic activity product in mol¥ kgw ™", K; is
the equilibrium constant of crystal j in mol¥ kgw ™" and v; is the stoichiometry of ion i in
the crystal roster of crystal ;.

In this study, we used the software PhreeqC (version 3.3.8-11728) [11] with the default
database to determine the ionic activity products with respect to calcium carbonate of
solutions. This software is flexible with the input consisting of varying ion types, which is
ideal in comparing different studies. Additionally, the software estimates the conversion
of molarities into molalities, and this also helps in comparing different studies. The raw
saturation output of PhreeqC is in log10(S) instead of the saturation shown in Equation (2).

It is imperative to calculate the ionic activity product correctly for crystals with
multiple polymorphs, such as calcium carbonate. When the ionic activity product increases
enough, a less stable polymorph that grows and nucleates faster will take over. Given time,
these less stable polymorphs will transform in a more stable polymorph, through a process
referred to as Ostwald ripening [12]. The polymorphs considered in this study are in order
of decreasing stability calcite, vaterite and amorphous calcium carbonate (ACC).

A general crystal growth equation for a crystal with two types of ions was derived [13].

oM

ot

=kac(st-1)" s>1 ®)
where m, is the crystal mass in mol, ¢ is time in s, k is a growth rate constant in mol m2s7 1
A is the available crystal surface for growth in m?2, v is the total mol of ions per mol of
crystal and g is a unitless growth order parameter.

According to Davies, g, the unitless growth order, was derived to be equal to v.
However, later it was found that g could also have a different value depending on the type
of growth mechanism [14]. Equation (3) is a bulk growth description. Another possibility
is to study the growth of individual crystals. In such a case, the crystal-face growth speed

is used: 3
Tc 1 8

—_— = v — >

i k,(s 1) $>1 @)
where 7. is the crystal radius in m, and k; is the growth constant in m s~!. The bulk growth
rate and the individual growth rate are directly related to each other if the bulk growth
rate is used for crystals of uniform size and shape. In this case, they are correlated by
the following:

i
kr =

k ©)

where Af and Vf are unitless shape factors, and V,;, is the inverse molar volume in mol m 3.
The shape factors depend on the crystal shape and relate the crystal radius to the crystal
surface area, A., in m? and crystal volume, V,, in m3. Assuming spherical crystals (which
is the most common assumption), Af is4 mand Vf is 4/3 . For a single crystal, m., Ac and
V¢ can be calculated by using the following:

Ac=Asr (6)

Ve =Vprd @)
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me = VmVC (8)

Several nucleation types exist. Nucleation can occur homogeneously by itself or
heterogeneously by using other material as nucleation point. Furthermore, nucleation can
occur in the solution, the so-called bulk nucleation, or on a surface, the so-called surface
nucleation. In this study we consider homogeneous bulk crystal nucleation rates. The most
common equation to describe the nucleation rate found in the literature is as follows:

T= (i) s21 ©)

where ] is the nucleation rate in m ™3 s~1, A, is a rate constant in m3 s~! and B, is a
unitless constant related to the nucleation energy barrier. The nucleation parameters A,
and B, were theoretically derived and given by Kashchiev [10]. He also demonstrated
that the nucleation rate differs for a diffusion limited nucleation and kinetically limited
nucleation, which could be described by using the following:

3 3

_ Adiff _ Bu N
J = A,/ SInS exp( m2(S) ) 5§>1 (10)
J = AkinSexp _ B S>1 (11)

" In2(S) -
in which constants Azif f . Ak" and B, are calculated by following Equations (12)—(14).

We have updated these equations from Kaschiev [10] to incorporate the shape factors of
Equations (6) and (7). It is important to realize that nuclei are likely to have different
properties (e.g., shape and density) as matured crystals. Nevertheless, some assumptions
about these properties must be made to have a working description of the mechanics:

diff 1 2.1 [keT
AT = 2\/E,/AfDsz\rA Kv,/ : (12)

; 1 Ag 1. 41 [
Akin — DV, 3N43Kv | —— 13
& (162\/E> v, A T (13)

4 AP 3
_ 44 1 7
27 Vi2 (VN p)? (k, T)?

Q=
NG

(14)
where D is a diffusion constant in m2? s~1, N4 is the Avogadro constant in mol~1, ky is the
Boltzmann constant in ] K1, T is the temperature in K and  is the specific surface energy
of the crystal in ] m 2.

Most studies investigating nucleation phenomena focus on the induction time. The
induction time is the time between when the solution becomes oversaturated and the time
of the first nucleus appearing. These nuclei are very small and are therefore hard to detect.
Depending on the detection method of the experiment, nuclei may need to grow before
being able to be detected. This can lead to a significant variability in the experimentally
determined and reported induction times.

The induction time depends not only on the saturation of the solution, but also on
the volume of the solution. The classical nucleation theory describes the chance that a
nucleus larger than a critical nucleus appears and starts growing. This means that, for more
molecules present in the solution, this is likely to happen sooner. Therefore, if the volume
increases while the concentrations remain the same, the induction time becomes shorter.

While the induction time is mostly reported, the dependency on the volume makes it
difficult to directly compare studies. Therefore, we will use the nucleation rate, which gives
the rate per volume, rather than induction times. To obtain the nucleation rate from studies
which reported induction times, the reported induction times needed to be converted to
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nucleation rates. The induction time equals an expected amount of nuclei of exactly one.
Therefore, the relation becomes the following:

1
VTind

J (15)

where V is the solution volume in m3, and 7,4 is the induction time in s.

Another process in crystal development is dissolution. When a crystal is in a solution
that is unsaturated, it will dissolve. The rate of dissolution requires different parameters
than growth. For a polymorphic crystal such as calcium carbonate, the balance of growth
and dissolution leads to the crystal mass eventually transforming from a less stable poly-
morph into the most stable phase. This process is called Ostwald ripening and was placed
outside the scope of this study.

3. Results and Discussion
3.1. Recalculating Saturation Values

Growth parameters, nucleation parameters and equilibrium constants all depend on
temperature and pressure. Therefore, only the literature data were used that originate from
experiments performed at 25 °C and atmospheric pressure, unless stated otherwise. We
used the software PhreeqC (version 3.3.8-11728) [11] with the default database to determine
the ionic activity products and compare them with the solubility products of the various
calcium carbonate polymorphs. This software is flexible, with the input consisting of
varying ion types, and this is ideal when comparing different studies. Additionally, the
software converts molarities into molalities, and this also helped us compare the different
studies. The saturation output of PhreeqC is in log10(S) instead of the saturation shown in
Equation (1).

3.2. Kinetics of Growth

Reported growth rate constants for calcite and vaterite (Table 1) cover a broad range of
values and units depending on the definitions and experimental conditions used [1,4,5,15-33].
The growth order, g, for calcite varies between 0.91 and 4.71 in these publications. Ad-
ditionally, several parameters for alternative growth models [34-36] are reported. The
growth order, g, for vaterite varies between 2 and 2.02 in these publications. For both
calcite and vaterite, some of these parameters are reported to depend on ionic strength,
ratio of calcium and carbonate or pH (e.g., in [28,30,36]).

Some of the variation in reported parameters can be explained by the usage of different
definitions, units and driving forces in the different publications. However, even when the
rate constants are recalculated by using the same definitions and units, the values of the
parameters can vary by multiple orders of magnitude from each other. Hence, there is a
need to investigate the cause of these variations in order to obtain single unified parameters.

However, the observations in attempting to unify the data from many publications
are striking. Firstly, there is a large amount of papers where reported growth rates cannot
be correlated to solution compositions [1,18,23-27,29,32-35,37—40]. The correlation was
not possible because either the solution composition was not defined clearly enough,
the growth rates was not reported clearly, the saturation calculation was not reported
clearly enough, the specific surface of the crystals was not measured or reported, or the
solution was bubbled with CO, so that the actual carbonate concentration is hard to
determine exactly.

Secondly, a large number of publications that studied calcite growth in calcite seeded
experiments used solutions that were either all oversaturated for vaterite [2,3,19,21,41-50]
or a part of the solutions used that were oversaturated for vaterite [15,22,28,51,52]. When
a solution is oversaturated for vaterite, vaterite growth is preferred over calcite growth,
as we show in this paper. This means that most results from these papers that specifically
study calcite are moot.
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Table 1. Reported growth rate constants in the literature.

Polymorph Growth Rate Constant Unit Reference

4.0-8.8 Lmol™! s7! (ggeeq L71)7! [4,15]
6.48 x 10* L2mol ' m2s71 [25]

1.43 x 10710-1,08 x 10~° molm~2s~! [16,17]
537 x 1077-2.34 x 107° molm2s~! [18]
291 x 107°-1.39 x 107° molm~2s~! [1]
1.64 x 1077-2.81 x 10~7 molm~2s~! [19]
221 x 1078-7.48 x 10~* molm~2s~! [24]
Calcite 3.42 x 1077 mol m=2 57! [26]
6.64 x 1078-7.80 x 1077 molm~2s~! [27]
5.8 x 1077-3.35 x 10~° molm 2571 [28]
8.56 x 1078-2.65 x 1077 mol m~2 571 kgy, ! [23]
4.05 x 10711-1.98 x 1010 ms~! [20]
5.0 x 10710 ms? [21]
1.1 x 10710 ms~! [22]
1.13 x 1071992 x 10710 ms™! [6]
8.08 x 1072 m3s! [29]
5.60 x 10710-6.10 x 10~10 ms! [30]
1.06-1.17 x 10710 ms~! [31]
Vaterite 1.71 x 109 ms! [32]
5.27 x 10710 ms~! [33]

Luckily, several studies remained that contained at least one useful point of data where
the solution composition could be correlated with the growth rate (shown in Figure 1) in
which the growth rate is plotted against a recalculated ionic activity product for calcium
carbonate [15,22,28,30,31,51-53].

When comparing all reported growth rate data, we found that there is not a clear direct
correlation between the ionic activity product and the reported growth rates. Therefore,
we took a critical look at the methodologies and environmental conditions that resulted in
these data. These methods and conditions are summarized in Table 2.

Firstly, three studies [22,28,52] allowed or expedited the transfer of gaseous CO; into
the solutions. In the case of gaseous CO, transfer, it is difficult to determine the exact
carbonate concentration, as the pCO, and gas transfer rate may vary depending on bubble
size and mass transfer coefficients. Because there was not enough information to back-
calculate the pCO; and gas transfer rate, and because the data of these publications show
higher rates than the data from other publications, it is assumed that the actual carbonate
concentration and consequent IAP in these experiments were higher than reported. As a
result, the data points from these publications should be shifted to the right in Figure 1.
Based on this uncertainty, the data from these studies were not used to recalculate the
kinetic parameters.

Lastly, the data of Spanos [31] were disregarded, since, in this study, the specific
surface area of the crystals could not be recalculated. The specific surface area used in the
calculation of these growth rates was considered equal in seeded and unseeded experiment,
and this outcome is implausible. Newly formed nuclei have a specific surface which is
orders of magnitude larger than crystal seeds. Therefore, the reported growth rates are
expected to vary from the actual growth rates.



Crystals 2021, 11, 1318 7 of17

Table 2. Experimental conditions for the selected data points in Figure 1.

Nancollas Kralj V\\/]a?éie:l Spanos Teng Bracco Van der Weijden Nasser
1971 [15] 1990 [30] eyce 1998 [31] 2000 [51] 2012 [52] 2014 [28] 2015 [53]
1997 [22]
Reported Calcite,
p Calcite Vaterite Calcite Vaterite Calcite Calcite Calcite Vaterite,
morphology
ACC
Growth rate 40-88 5.60-6.10 x 1.1 x 1.06-1.17 x i i 5.8 x 1077-3.35 )
constant o 10710 10-10 10-10 x 1070
-1 -1
Unit (;SZEIL*%*I ms~! ms™! ms™! - - mol m~2 57! -
Temgeé;‘t“re 25 25 22 25 25 25 22 25
pH 8.53 9.57-9.85 7.56-8.90 9-10 8.5 8.25-9.35 7.56-8.90 7.62-7.84
Total calcium
concentration 0.149 2.5 0.35-0.97 0.4-2.5 0.16-0.34 0.035-0.82 0.25-0.97 10-50
(mM)
Total carbonate
concentration 10.1 2.5 6.4-68 0.4-25 5.00-10.1 1.25-20.0 6.4-68 10-50
(mM)
Gaseous CO, Unknown No Yes No No Yes Yes No
exchange
Ionifri“h/‘f)r‘gth 15.8 11.2-317 751-856 1.85-11.6 106-112 3.51-22.2 0.75-0.86 38.4-184
Other ions Na, Cl1 Na, Cl1 K, Cl Na, K, NO;3 Na, Cl1 Na, Cl1 K, Cl Na, Cl
10° | . | . i
, Calcite Vaterite , ACC
1 1 1
107 [ | | :
1 1 1
1 1 1
1 1
108 ! x’f;*: { -
— 1 * X |
L [ X _] a Nancollas 1971
» 107 F ' ' - .
& ' ! -0 © Kralj 1990
k=) _--bo ..
¢ 1010 : 9 .- EDD o o Van der Weijden 1997
-— -1U ] -~
S : . o o Spanos 1998
g 1011 | - x Teng 2000
) : i cemmTT x Bracco 2012
) 1
o0 1012 : ! + Van der Weijden 2014
N X = Nasser 2015
1 T
10—1’» . L ! N AT A | L N R | |
10°? 108 107 10

IAP [mol® kg,,?]

Figure 1. Selected growth data for the three polymorphs of calcium carbonate (from left to right
calcite, vaterite and amorphous calcium carbonate (ACC)) plotted against the ionic activity product of
calcium carbonate. The data of Nancollas, Kralj, Teng and Nasser were used to fit kinetic parameters,
as shown in Figures 2—4. From left to right, the growth types are calcite spiral growth, calcite
mixed growth, vaterite growth and ACC growth. As the ionic activity product increases, less stable
polymorphs become the dominant growth type. The red lines are the trend lines, which were fitted
by using the selected data for each growth mechanism or mineral type, as shown in Figures 2—4.
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= R? = 0.9894 :
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é 1 A a Nancollas 1971
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0 0.2 04 06 - )

VS~ 1

Figure 2. Calcite growth separated in spiral growth (S.,; < 1.514) and mixed growth (S, > 1.549).
The dashed black line indicates where vaterite becomes supersaturated. This gives two sets of

parameters, one for each of the different calcite growth mechanisms.

2.0 .
1
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. x Nasser 2015 |1
0.0 I . . . :

\'/Svat' 1

Figure 3. Growth data calculated from Kralj and Nasser, providing a growth rate that is near first

order. The dashed line indicates where the supersaturation of ACC starts.
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Figure 4. Growth data calculated from Nasser. Because there are only two data points, the calculated

parameters should be used carefully.
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The remaining data were used to recalculate the growth-rate constants for each poly-
morph, starting with calcite. The study that provides the most and most interesting data
about calcite growth shows several growth regimes within the calcite polymorph [51]. Us-
ing fluid cell atomic force microscopy (AFM), the study demonstrated that, depending on
the solution composition, there is either no growth, spiral growth, mixed growth consisting
of spiral growth and surface nucleation, or surface nucleation only.

After recalculating the saturation values reported in that study, the solution that
showed no growth was undersaturated for calcite, and the solution that showed surface
nucleation only was supersaturated for vaterite. The observation that the changes in
growth kinetics correspond with the calculated saturations for calcite and vaterite is a
strong confirmation that the current method for calculating saturation values is accurate.
Fascinatingly, this still gives two growth mechanisms with distinct kinetics within the
calcite polymorph, which is visualized in Figure 2.

Interestingly, the spiral growth of calcite at low supersaturation does not show the
second-order growth that is typically attributed to calcium carbonate [30,51]. On the other
hand, the mixed growth is much closer to a second-order growth. The results also show
how important it is to carefully report and design experimental setups and methodologies.
While Nancollas [15] only provides one point of data, it strongly agrees with the data of
Teng [51].

The growth data for vaterite are provided by Kralj [30] and Nasser [53]. Kralj originally
reported the growth constant as a function of ionic strength, but neglected many ionic
species for the saturation calculation. Nasser provides data for both the vaterite and the
ACC polymorph. Their method continuously keeps track of crystal sizes, providing an
appropriate growth rate regardless of polymorph. The results for vaterite are shown in
Figure 3, and the data of Nasser, which are the only data available for ACC, are shown
in Figure 4.

We found that the kinetic data for the various polymorphs from various studies agree
with each other after carefully screening the data and recalculating the saturation values. As
these selected datasets vary in terms of concentration ratio, acidity and ionic strength, it can
be concluded that these factors do not need to be included in a growth equation. It is worth
mentioning that all data used only have sodium and chloride as background electrolytes
and that some other electrolytes (e.g., magnesium) or presence of complexing ions or
polymers can have an inhibiting effect on calcium carbonate growth [50,54] and therefore
do need to be considered when determining the growth kinetics in more complex solutions.

3.3. Kinetics of Nucleation

Reported values for all forms of A, in Equations (9)-(11) for unseeded homogeneous
nucleation of vaterite or vaterite—calcite mixtures range from 10°4 t0 10% m—3 s~ [31,38,55].
Reported values for By, are 12.2 for vaterite [55] and 63.7 for a vaterite—calcite mixture [38].
No nucleation parameters were found for pure calcite and ACC polymorphs. Values
reported for the specific surface energy range from 15 to 94 mJ m 2 for vaterite [31,55,56]
and 41 to 98 mJ] m~2 for vaterite—calcite mixtures [38,57,58]; and the value is 31 mJ m~2 for
calcite [59]. Similar to the growth parameters, these parameters have a broad range and are
therefore a source of uncertainty in the predicted nucleation rate.

As with the growth kinetics, several publications [20,58,60,61] were disregarded either
because the volume of the solution was not reported, or the solution composition was
insufficiently described. Fortunately, this leaves plenty of other publications where nu-
cleation rates can be correlated with the solution composition [31,38,42,55-57,59,62]. The
experimental conditions and nucleation type are summarized in Table 3. For several of
these publications, one of the solute concentrations had to be estimated for a correct pH or
ionic strength, as the experimental conditions were not entirely clear.
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Table 3. Experimental details of studies on the nucleation of calcium carbonate.
Sohnel Verdoes I\(/;[?);I;f:s- Spanos Mannoli Liouliou Waly Pochitalkina
1978 [57] 1992 [55] 1996 [38] 1998 [31] 2000 [42] 2007 [59] 2012 [56] 2016 [62]
Reported Unspecified Vaterite Vaterite + Vaterite Vaterite Calcite Vaterite + Calcite
morphology Calcite Calcite
Working Variable 2 13 2 02 02 02 2 03
volume (L)
pH range 10.6-10.9 10 7.8-10 9-10 8.5 8.5 7.8-8.8 10
Total calcium
concentration 3.2-33 0.2-0.5 10 0.4-3 4-4.75 3.82-5.48 16.9-23.7 1.1-3.3
(mM)
Total carbonate
concentration 32-33 28.3 10 04-3 4-4.75 3.82-5.48 3.43-4.80 1.1-3.3
(mM)
IO“‘E;“I\:;‘gth 12.9-106 49.0-49.1 503-507 0.68-11.6 156-184 89.5-93.0 52-1446 157-166
Detection . Ca? pH pH pH pH pH Laser
Conducto-metric S
method electrode measurement measurement measurement measurement measurement optical
Limitation diffusion unknown kinetic kinetic unknown kinetic kinetic kinetic
et Na, Cl Na, Cl K,Cl Na,NOs;,K  NaNOyK  Na,NOs K Na, CI Na, Cl

2 This nucleation experiment was performed in a diffusion-limited scenario; therefore, the “detected” volume depends on the measured

induction time.

The induction time that is reported in these studies is visualized in Figure 5. As
discussed before, induction times depend on solution volume and are normalized or
converted to a nucleation rate according to Equation (16). Following Equation (11), the
nucleation parameters for kinetically limited nucleation can then be obtained by linearizing
the equation into the following;:

In (é) = In (Af") -

_Bu
In2(S)

104

102

100 -

Induction time, T [s]

102

++++
o+

=] L

++,

o Sohnel 1978

= Verdoes 1992

© Gonzales-Morales 1996
A Spanos 1998

x Mannoli 2000

x Liouliou 2007

+ Waly 2012

o Pochitalkina 2016

60

80 100 120 140

Saturation, S [-]

(16)

Figure 5. Induction times and saturation values as they are reported in the literature. There seem to

be two trends for the data, and no clear correlation between saturation and induction time can be
made between different experimental setups.

This relation is plotted in Figure 6, and a linear relation is expected. Indeed, most
individual studies show linear behavior, but they do not agree with each other at all, due to
the varying saturation calculations and solution volumes in these studies. Figure 7 shows
the same data with recalculated saturation values.
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Figure 6. Linearized nucleation rates plotted against saturation values reported in the literature.
Linear behavior is expected and shown by most individual studies, but there is no agreement

between studies.
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Figure 7. Linearized nucleation rates plotted against the recalculated calcite saturation. Most data
are now centered in three groups. One completely in the vaterite regime, one completely in the ACC
regime and one group passing over this polymorph change. There are no nucleation data for the
calcite regime, although several publications report about calcite nucleation.

The nucleation data in Figure 7 can now be divided into three groups. The group
that is completely in the ACC regime [57], the group that is completely in the vaterite
regime [31,42,55,59] and the group that is in both regimes [38,56]. By recalculating the
proper saturation values, it now becomes clear that the nucleation rates reported by
Sohnel [57] are so high because he regards the ACC polymorph.

The group that has data for both polymorphs [38,56] does not show such high nucle-
ation rates in the ACC regime. This is likely caused by the detection method used in these
studies. The induction time is measured by a pH electrode in the study of Gomez-Morales.
Their pH results show an increasing pH drift for a significant portion of their experiments.
This should not happen after mixing CaCl, and K,COj3 solutions. This means that the
observed induction times are likely significantly longer than the actual induction times.
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The induction time in the study of Waly is defined as 2% to 3% of the total amount of
carbonate precipitated. This is significantly more mass than that of a new crystal nucleus,
and therefore the nucleation rate is significantly underestimated. These observations may
explain why the data of Gomez-Morales and Waly show lower nucleation rates for both
polymorphs when compared to the data of other studies.

Most of the vaterite nucleation data [31,42,55,59,62] are grouped together, but they do
not entirely agree. Mannoli expedited the transfer of gaseous CO into the liquid and shows,
similar to the studies that did this for growth, higher rates and should therefore not be
considered for determining the nucleation parameters. The induction time in Verdoes was
determined with a Ca®* electrode, which is significantly less sensitive than a pH electrode,
meaning that the measured induction time is likely longer than the actual induction time.
Lastly, the data of Spanos are not used for the determination of the parameters. Although
the methodology seems fine, the data for growth are significantly different from the other
studies, and this holds true for the nucleation data, as well. This leaves three studies with
data for the nucleation kinetics [57,59,62].

The remaining nucleation data for vaterite are plotted in Figure 8 as a function of
vaterite saturation to obtain the proper trend. One of the data points of Pochitalkina
is very close to the ACC regime and is therefore disregarded for the fit, as the classical
nucleation theory starts to become less valid for small nuclei sizes. The fit gives values of
0.2820 m—3 s~! for A,*" and 1.8337 for B,. By using Equation (13), we obtain a specific
surface energy of 16.9 mJ] m~?2 for vaterite, which is within the reported range. Additionally,
using Equation (10), the diffusion rate parameter A, is predicted to be 0.0208 m—3 s~1.
These values for the A;, parameters are in a completely different order of magnitude than
the previously reported values, and this is the result of using the proposed method to
calculate the saturation values, as well as using nucleation rates instead of induction times.

0 1
i a Liouliou 2006
05 L . o Pochitalkina 2016
o g
~ 1} 28
& T
= '
8 15 | : 89,
E y =-1.2660 - 1.8337x
: oa ““p--.. R2=07989
R
i TThesl_ A
2.5 - s s ; ,
0 0.1 0.2 03 0.4 05 0.6 0.7

(In(Syar))?

Figure 8. Linearized fit of the kinetically limited nucleation rate for vaterite. The black dashed
line indicates where supersaturation for ACC begins. The data point of Pochitalkina close to ACC
supersaturation is not used for the fit, as the classical nucleation theory starts to break down for small
critical nuclei.

Before plotting the nucleation data of amorphous calcium carbonate (ACC), some
consideration to the solubility constant must be given. ACC is an unstable polymorph,
thus making it hard to study. Several values for solubility constants of ACC are reported.
Two values are reported at 25 °C, namely 10749 mol? L2 [63] and 10~ mol?> L2 [12].
For an unspecified temperature and without activity corrections, values of 10~7°0 and
10742 are reported [64]. Brecivic provides solution compositions and a recalculation with
PhreeqC that shows indeed a value of 10740 mol? .72 for the equilibrium constant. ACC
nucleation kinetic parameters can now be determined by plotting the data of S6hnel [57]
with this equilibrium solubility constant, as shown in Figure 9.



Crystals 2021, 11, 1318

13 0f 17

20 7
ly =20.1018 - 12.5855x,
o R=09551 | a Sohnel 1978
19 kN i
3 % et
v} \ !
¢ 18 F i
i 3 ;
*8 \\ :
S 17 .
= a
= e y = 17.0873- 1.0479x
16 ! =N R2=1
i \\\“A
15 1 1 1 1
0 0.5 1 15 2
(In(Saco))?

Figure 9. Linearized nucleation data of amorphous calcium carbonate (ACC) assuming diffusion
limitation. The data show two linear relations which can be attributed to two separate calcium
carbonate nucleation morphologies. The dashed line indicates where the classical nucleation theory
predicts a critical nucleus size of one molecule for the first ACC polymorph. This indicates a shift of
the solubility constant towards a different polymorph can be expected.

The data in Figure 9 show two linear relations, indicating that the data might in-
clude two ACC polymorphs. One possible explanation of the two behaviors is the way
the measured volume is approximated. However, even when the volume correction is
neglected or exaggerated, the two distinct behaviors remain. Therefore, it is more likely
that this behavior can be explained by two different polymorphs. It has been shown that,
without additives, there are at least two forms of ACC [65]. Various forms of ACC may
have different levels of hydration by including water molecules in the crystal lattice [66,67].
This would require an adjustment of the IAP with the water activity. As Sohnel did not
discuss the identity of the ACC, we assumed that there is no water in the crystal roster.

The presence of two polymorphs is further substantiated by the calculation of nu-
cleus size following classical nucleation theory. When the critical nucleus size, given by
Equation (17) [10], becomes too small, stable nuclei cannot form anymore, and it is likely
that another polymorph with higher solubility becomes dominant. The ionic activity prod-
uct for a critical nucleus size of one molecule is calculated to be 10~28* for ACC, which
clearly separates the two polymorphs in Figure 9. This does not mean that the value of
the solubility of the second ACC polymorph, which we here call ACC2, equals this value.
Realistically, this value lies somewhere in the transition zone and has therefore a value
between 107>%7 and 102! and may change further depending on the degree of hydration

of this polymorph.
' 274y -5y’
"= (3kaln2 S (VeVinNa) > (17)

where n* is the amount of molecules in a critical nucleus size.

For now, the parameters of both ACC and ACC2 are both determined with the
solubility product of ACC. The nucleation rate parameter for diffusion limitation A, is
2.64 x 107 m~3 57!, the nucleation parameter By, is 1.0479 and the specific surface energy
is 10.2 mJ m~2. Alternatively, by using Equation (16), the kinetic rate parameter A, is
predicted to be 2.96 x 108 m~3 s~1. The values for ACC2 are A, is 5.37 x 108 m 3 s~1
and By, is 12.59 as a function of the solubility constant of ACC.

All the parameters determined in this study were summarized in Table 4. About half
of the parameters in this study are based on data from at least two different sources. It is
desirable to base all parameters on more data, especially the parameters that are based on
very few data points.
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Table 4. Summary of parameters calculated for growth and nucleation Equations (2), (3), (9) and (10) for calcium carbonate

polymorphs at 25 °C.
Calcite Vaterite ACC1 ACC2
K m012 kgw—z 1078.48 10774913 1076.40 1075.87_1075.51 e
—12a
k ms~! ;Z;(l); i ig—na 5.6117 x 107° 22842 x 10771 n/a
a
g - g;‘;ﬁ a 0.7428 0.8124 f n/a
Ay kin 351 n/a 0.282 2.96 x 108be n/a
A m3s! n/a 0.0208 b 2.64 x 107 ¢ 5.37 x 108¢d
B, - n/a 1.8337 1.0479 © 12.59 «d
¥ mJ m—2 n/a 16.9 10.2¢ n/a

2 The first constants are valid for calcite spiral growth up to an IAP of 10783 mol? kg,, ~2. The second constants are valid for mixed growth
from an IAP of 10~82° mol? kgy ~2. P These values are predicted based on theory. ¢ These values are determined under several assumptions,
such as mixing time and detected volume, which may influence the actual values of these parameters. Additionally, these parameters
were determined under the assumption that no water molecules are present in the crystal roster. ¢ These are tentative values based on the
solubility of ACC and should be updated when the exact solubility of ACC2 is determined. ¢ Assuming no water molecules in the crystal
roster. f These parameters were determined with only two data points and are therefore uncertain.

The results from this study show the importance of correctly determining the satura-
tion value, especially to at least determine the correct dominant polymorph for a solution.
Many studies work with incorrectly or incompletely reported experimental conditions
to study the right polymorph or report the morphology of a different polymorph. This
situation is complicated further, as metastable polymorphs can transform into a more stable
polymorph (e.g., ACC to vaterite or vaterite into calcite) after they are formed and before
the existence of the polymorph is confirmed by, for example, X-ray diffraction.

As a result, several studies try to explain the discrepancies currently in the literature
with alternative parameters, such as the calcium-to-carbonate ratio, the pH, or the ionic
strength. However, we have shown in this study that the kinetic behavior of the vari-
ous polymorphs of calcium carbonate can be described correctly by the classical growth
and nucleation theory, i.e., if the saturation is calculated correctly and if experiments
are conducted with the properly reported, controllable, measurable, and reproducible
environmental conditions.

4. Conclusions

The aim of this study was to find consistent parameters from the data available in the
literature to describe the kinetics of growth and nucleation of the various polymorphs of
calcium carbonate.

The amount of and variance in both parameters and methods to study the kinetics of
calcium carbonate crystallization currently in the literature are large. While any method can
work for a given process or experiment and produce associated parameters, problems arise
when combining different processes, such as growth and nucleation, or when comparing
data from different sources, as was shown in this study.

When comparing the kinetic data from the different sources, we had to disregard the
majority of studies reporting kinetic parameters either because the solution composition
and reported rates were not reported clearly enough and could not be correlated to each
other or because the experimental setup and methodology could not identify the correct
polymorph. After careful screening of the studies and a consistent and meticulous recalcu-
lation of saturation values, a set of parameters for growth and nucleation were determined.
The newly derived kinetic parameters identified various growth and nucleation mecha-
nisms and allowed us to predict the correct rates and polymorphs for designing processes
and experiments.
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Growth parameters were determined for the calcite, vaterite and amorphous cal-
cium carbonate (ACC) polymorphs. Within the calcite polymorph, two different growth
mechanisms were identified, namely the spiral growth mechanism and the mixed growth
mechanism, consisting of both spiral growth and surface nucleation. Interestingly, the spiral
growth was not second order, even though being second order is typically attributed to it.

In the nucleation kinetics, a second amorphous calcium carbonate polymorph was
found, with a recalculated solubility constant between 1075 and 10~>°! mol? kgw_z,
but these values should be adapted for the correct level of hydration of this polymorph.
The parameters for the nucleation, as well as the specific surface energy of vaterite and
amorphous calcium carbonate, were determined.
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