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Abstract In the present experiments, the carbonation

process in multiphase system was carried out using the

reactor with rotating discs. Calcite was produced by con-

trolled fast precipitation through gaseous CO2 adsorption in

Ca(OH)2 slurry. Furthermore, the reaction kinetics’ were

controlled by disc’s revolution speed in the range from

80 rpm through 120 to 160 rpm. Initial concentration of the

slurry ranged between 54 and 110 mM L-1. The aggre-

gates of crystals precipitated in the aqueous solution were

of sub-micrometric size. Dynamic light scattering method

showed that mean aggregate diameter decreased with the

higher mixing rate as long as the mixing condition was

homogenous (up to 160 rpm). Thermogravimetric analysis

revealed that the surface of calcite was polluted by

unwanted, different compounds amount of which depends

on the initial concentration of the slurry. Therefore, in

order to obtain chemically pure calcite, CaCO3 powder was

heated up in the laboratory oven. In order to explain the

mechanism of calcite particles’ aggregation, the simulation

of the aggregates formation has been performed based on

the new model taking into account kinetics of the multi-

phase reaction, crystal growth and their agglomeration. The

obtained data on crystal morphology during the precipita-

tion process have been compared with the model simula-

tion results. The internally consistent model very well

describes both the formation and the aggregation of the

calcite nanoparticles, and the same can be used and rec-

ommended for accurate calculations of the particle and

aggregates’ sizes as well as their distribution in the reactor.

Keywords Nanostructured material � Thermal analysis �
Computer simulation � Gas–liquid precipitation � Calcium

compounds

Introduction

Calcium carbonate is one of the most widely used fillers in

many industrial applications such as plastics, rubber, paper

making and medicine. Furthermore, the nanocrystalline

calcium carbonate has many more advantages compared to

the commonly used normal size calcium carbonate, and for

this reason, it has been attracting wide research interests

[1]. Therefore, development of ‘‘smart,’’ cheap and energy-

saving method, which allows one to obtain nanocrystallites

of calcium carbonate, is in great demand in industry.

However, despite a large number of investigations descri-

bed in the literature [2–17], the mechanisms of the

molecular level of calcium carbonate precipitation as well

as the aggregation and formation processes [2–7, 9–14] are

still unclear and have not so far been fully understood. It

concerns also the classical nucleation pathway of calcium

carbonate precipitation, i.e. formation of a critical nucleus,

followed by stepwise growth of the crystal [18]. In general,

there are two established mechanisms of crystal growth

described in the literature [2, 15]. Ostwald ripening

involves the formation of larger crystals from smaller
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crystals that have higher solubility than larger ones do. So,

the smaller crystals act as fuel for the growth of the larger

crystals. Another important growth mechanism revealed in

recent years is non-classical crystallization mechanism by

aggregation, i.e. coalescence of initially stabilized nano-

crystals that grow together and form one larger particle [15, 19].

Several studies have demonstrated that the incorporation

and sorption of inorganic/organic impurities inhibit the

crystal growth process of calcite [20–23]. Conversely, the

nucleation process may be enhanced, leading to a complex

aggregation/agglomeration process of small particles,

resulting in clusters of crystallites, as observed in the

present study.

The main objective of this work is to characterize cal-

cium carbonate aggregates of nanoparticles obtained in a

controlled multiphase system by use of the reactor with

rotating discs (RDR) [24, 25]. The multiphase formation of

CaCO3 is important not only from the theoretical point of

view, but also from that of fundamental applicative

implications in the field of cultural heritage conservation.

Demineralization processes that are strongly dependent on

the way of formation and the aggregation of CaCO3

nanocrystals affect several kinds of artefacts, such as car-

bonatic stones [26] or archaeological and palaeontological

bones [27].

The single size of nanoparticles formed in the reactor

used is equal to ca. 30 nm [24, 25], but the size of their

aggregates depends strongly on the reaction conditions.

Because aggregates of CaCO3 nanoparticles covered by

organic substances find nowadays wide industrial applica-

tions (pharmaceuticals, synthetic bone, semi-permeable

membranes, etc. [28–30]), the aim of the current study was

to find solutions concerning possibilities in the production

of ultrafine, well-defined (depending on the process con-

ditions) calcite powder aggregates, in the rotating disc

reactor without any additives. From our previous studies

[24, 25], we know that the nanostructured CaCO3 powder

is very pure, thermodynamically stable and has well-

developed specific surface area [24]. In this study, we

intended to check whether the aggregation process of

nanoparticle can be controlled by mixing conditions in the

rotating disc precipitation reactor and the initial calcium

hydroxide suspension content.

To better explain the mechanism of nanoparticles

agglomeration in the reactor, we extended our previous

precipitation reaction model [25] and applied it for the

simulation of aggregates’ formation during the reaction in

the rotating disc precipitation reactor. The model has taken

into account not only kinetics of the multiphase reaction

and crystal growth rate but also nanoparticles’ agglomer-

ation. The data obtained, during the precipitation process,

concerning aggregates’ formation were compared to the

simulation results of the model.

Experimental

Materials and solutions

Carbon dioxide used in the experiments was taken directly

from a gas bottle (99.9993 % pure, from Linde) and cal-

cium hydroxide from a pure sample (p.a. from POCH

Gliwice Poland). The chemicals were used without any

further purification.

All samples were prepared using double-distilled and

deionized water. Three differential initial concentrations of

calcium hydroxide were used for the experiments: 23, 54

and 110 mM. The slurries were prepared by dispersing,

respectively, 1.7, 4 or 8 g of Ca(OH)2 powder into 100 mL

of deionized water, in a volumetric flask. Next day, the

slurries were treated in an ultrasonic bath for 10 min, then

the solution was cooled down to 25 �C, diluted to make up

a volume of 1 l and immediately used for experiments.

Precipitation procedures

In the present experiments, the carbonation process was

carried out in multiphase system using the RDR [24, 25], as

shown in Fig. 1. The one-reactor chamber that was used in

the experiments has a maximum volume of liquid reactant

equal to 2 l. Before each experiment, the reactor elements

were cleaned with 10 % HCl solution to get rid of any

CaCO3 particles and then rinsed with deionized water. All

processes were performed under atmospheric pressure and

at the constant temperature of the solution equal to 25 �C.

The rate of gas inflow to the reactor was equal to 2 l min-1

and was maintained at a constant level by Mass Flow

Controller GFC (Aalborg) calibrated using CO2.

The reaction kinetics were controlled by disc’s revolu-

tion speed ranging from 80 revolutions per minute (rpm)

through 120 rpm, and then up to 160 rpm. The carbonation

process was stopped when the whole solution became

neutralized (pH 7). Then, the precipitated solids were

collected by filtering through membrane filter (0.1lm),

dried in 80 �C for 24 h, and finally stored in a desiccator.

The liquid-phase volume was equal to 1 l, and the interface

area was equal to 0.142 m2.

Characterization techniques

The pH changes during reaction were measured by means

of combined glass electrode (IJ-44 for sewage and ultra-

pure water, IONODE, Australia). The pH meter was cou-

pled with PC, and the experimental data were collected

every second for the adjustment of carbonation time.

Electrode was calibrated before every experiment using

three buffer solutions (CHEMPUR, Poland; pH values at

25 �C were equal to 7.0, 9.0, and 12.0, respectively).
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X-ray diffraction (XRD) patterns were collected on

Bruker AXS D8 Advance powder diffractometer with Cu

Ka radiation. The 2h values (ranging from 20� to 100�) in

steps of 0.1� and times in steps of 1 s were selected to

analyse the crystals’ structure and to estimate the crystallite

size by means of the Scherrer equation [31] from the full-

width at half-maximum of the XRD peaks [32].

For crystals’ morphology, size, and aggregation exami-

nation, the SEM photographs of the probes were taken

using scanning electron microscope (Hitachi S 5500 SEM/

STEM with cold field emission gun).

Particles’ (aggregates) size was examined using a 90

Plus Nanoparticle Size Analyzer (the wavelength of the

laser: 657 nm) obtained from Brookhaven Instruments Co.,

which employs the dynamic light-scattering (DLS) method

for the determination of effective diameter of the particles

and multimodal size distribution. Every measurement was

made at 25 �C with scattering angle being equal to 90�.

The effective diameter of the particles was examined just

after the precipitation process. The suspensions, prepared

by dispersing 5 mg of CaCO3 powder into buffer solutions

(pH 7.0) at 25 �C, were filtered to remove all the impurities

using wheel filter with pore size of 1 lm.

The purity analyses were carried out by means of TG Du

Point Instruments. Argon used in the experiments was

taken directly from a gas bottle (99.999 % pure, from

Linegal, Poland). The constant inflow of the gas was

maintained by means of mass flow controller MFC and was

equal to 6 l h-1. The samples were heated from 25 to

620 �C with the speed equal to 10 degrees per minute.

Results

Crystalline structure

The XRD analysis shows that, independent of the speed of

rotation and the initial concentration of Ca(OH)2, the

polymorphic modification of the obtained CaCO3 powder

is of very high purity and of single calcite. In Fig. 2,

independent of the initial concentration of Ca(OH)2 and the

disc’s speed of rotation, the experimental results agree very

well with the standard calcite data (the green bars on the

diagram).

Thus, in the investigated system, only the most ther-

modynamically stable structure is formed. Although, in

many cases, the precipitate is a mixture of two or three

CaCO3 polymorphs [33, 34], the obtained polymorphic

form of CaCO3 fully agrees with our previous results

[24, 25].

The approximation of single crystal diameter has been

calculated from the XRD patterns [32] using Scherrer

equation (Eq. 1) [31]. The diameter, depending on the

disc’s speed of rotation and the initial Ca(OH)2 concen-

tration, varied from 32.1 to 35.2 nm.

d ¼ 0:9
k

Dhcosh
ð1Þ

where d is the crystallite size (diameter), k is the length of

X-ray radiation, h value of the diffraction reflex angle, and

Dh is the width of the diffraction peak in the middle of its

height.

Because of the very small (almost equal to the calcu-

lation error) diameter differences, it is impossible to find a

relation between process conditions (the disc’s speed of

rotation and the initial Ca(OH)2 concentration) and the size

of the obtained single crystals. Generally, we can say that

under low mixing rate, the high supersaturation degree

occurs in the liquid film on disc’s surface and smaller

crystallites can be formed, and when discs rotate with

higher speed the liquid film is renewed faster and so the

supersaturation degree is not achieved, which results in

slightly larger crystallites; the size difference, in this case

can, however, be neglected. The formation of single

Fig. 1 The rotating disc reactor system: a general view, b reactor

chamber and rotating discs
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crystals with constant diameter, independent of the process

conditions, can be explained by the large differences in the

nucleation and aggregation rates. As was shown previously

[25], the size of the obtained nanocrystals is strictly

determined by the effective nucleic size. During the pro-

cess times (14–18 min for 30 rpm; 7–9 min for 120 rpm),

the crystals can grow only negligibly compared with the

nucleic size.

Figure 3 shows the SEM micrographs of powders, taken

several minutes after the end of precipitation reaction,

obtained for different mixing conditions (different speeds

of rotation of discs) and initial Ca(OH)2 concentrations.

CaCO3 crystals form aggregates of crystallites, which

slightly differ in size and shape. The average size of the

aggregate is in the range of 200–400 nm. It is seen also that

the single crystallite size is evidently much lower that the

size of the aggregates. Moreover, looking at the aggregates

it is difficult to find a relation between process condition

(different speeds of rotation of discs, initial Ca(OH)2

concentrations) and their shape. However, particles from

the lowest disc’s speed of revolutions (Fig. 3a, b) are

characterized by almost perfect rhombohedral morphology.

When the mixing rate increases (Fig. 3c–f), the edges and

corners start to be rounded up, but all the particles are of

similar size.

Thermal analysis of calcite

The thermogravimetric (TG) curves of calcite obtained in

the reactor with rotating disc are presented in Figs. 4–6.

Generally, in TG experiments of calcite there are two

regions of mass loss. The first is associated with a loss of

contaminants and the second with the thermal decompo-

sition of calcite which begins (in the case of pure calcite) at

about 570 �C [35]. In our experiments the first region of

mass loss (between 92 and 500 �C) can be further divided

into two sub-regions: from 92 to 400 �C and from 400 to

500 �C. The first sub-region shows three mass losses

connected (started from the lowest temperature) with

desorption of adsorbed water, impurities of the initial

reactants used (mainly impurities of Ca(OH)2) and begin-

ning of the decomposition of untransformed calcium

hydroxide while the second sub-region corresponds prob-

ably to mass loss of the rest untransformed Ca(OH)2. This

interpretation should be treated only qualitatively because

different effects overlap and the exact determination of the

temperature range corresponding to the mass loss of each

effect is impossible.

The peak of impurities coming from the initial reactants

is visible in all Figures (Figs. 3–6) while the second peak,

referring to the Ca(OH)2, can be seen only for the Ca(OH)2

initial concentration equal to 23 mM L-1 and 54 mM L-1

(Figs. 3, 4). Furthermore, the examined calcite decompo-

sition temperature increases with decreasing of the level of

impurities. The amount of the impurities which were

adsorbed on the surface of calcite obtained in the rotating

disc reactor at 80 rpm and different slurry concentrations

together with the beginning of the calcite decomposition

temperature are given in Table 1.

Figure 7 shows TG trace for CaCO3 obtained at 80 rpm

and the initial concentration of Ca(OH)2 equal to

110 mM L-1 after its 2 h heating up in the laboratory oven

20
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Fig. 2 The XRD patterns of

CaCO3 samples precipitated in

RDR for initial Ca(OH)2

concentrations equal to

(I) 23 mM L-1, (II)

54 mM L-1, (III) 110 mM L-1

and disc’s speeds of rotation

equal to a 80 rpm, b 120 rpm,

and c 160 rpm, together with

standard calcite data
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Fig. 3 The SEM micrographs

of powders obtained in the

reactor with rotating discs:

a disc’s speed of rotation—

80 rpm, initial Ca(OH)2

concentration—23 mM L-1;

b disc’s speed of rotation—

80 rpm, initial Ca(OH)2

concentration—54 mM L-1;

c disc’s speed of rotation—

120 rpm, initial Ca(OH)2

concentration—23 mM L-1;

d disc’s speed of rotation—

120 rpm, initial Ca(OH)2

concentration—54 m mM L-1;

e disc’s speed of rotation—

160 rpm, initial Ca(OH)2

concentration—23 mM L-1;

f disc’s speed of rotation—

160 rpm, initial Ca(OH)2

concentration—54 mM L-1
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to 400 �C. As a result all the impurities were removed and

the sintering of calcite particles was not seen. Moreover,

the initial temperature of calcite decomposition was shifted

of about 50 �C (from 507.1 to 556.0 �C). So the decom-

position starts close to the temperature of decomposition of

‘‘normal’’ (non-nano) size of calcite [35–37].

The effect of calcite particle size on the decomposition

parameters was studied before [1, 38, 39]. The research

carried out by Yue et al. [1] showed a downward shift in

the decomposition temperature (*50 �C) for nanophase

compared to the normal size of calcite. In another TG

analysis [38], the shift of temperature was not seen and no
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Table 1 Amount of the impurities which were adsorbed on the surface of calcite obtained in rotating disc reactor at 80 rpm and different slurry

concentrations

Gas–liquid

contact area/m2 g-1
Initial Ca(OH)2

concentration/mM L-1
Reaction

time/min

Loss of

mass/%

Temperature/�C Start of

decomposition

calcite/�CInitial Final

0.12 23 8 1.104 92.38 401.17 495.5

54 11 0.9324 91.49 390.49 501.7

110 15 0.7625 92.38 398.50 507.1
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significant trend in the TG experiments was found. Gen-

erally, it can be stated [1, 38, 39] that the beginning of

calcite decomposition depends on the form of calcite

(single crystals, powder, etc.) and in the case of nano-

crystals can be moved downward for about 50–80 �C.

Aggregate size and aggregation time

The distributions of aggregate size in the output sus-

pensions obtained immediately after the end of reaction,

from the reactor with rotating discs, for initial concen-

tration of Ca(OH)2 equal to 110 mM L-1 are presented

in Fig. 8.

By looking at the obtained results, it is seen that for

initial Ca(OH)2 concentration equal to 110 mM L-1, the

distribution of aggregates is mostly monomodal (Fig. 8a, b,

c, d). At low mixing rate (80 rpm), the average size of the

aggregates was 241.7 nm (Fig. 8a), and it decreased for

higher mixing condition (120 rpm) to 85.6 nm (Fig. 8b).

Further increase in the mixing rate to 160 rpm, which

decreased the reaction time, did not cause the decrease in

the aggregate diameter (diameter equal to 188.2 nm). It is

very difficult to give the unequivocal explanation of the

obtained aggregate size’s dependence on the process con-

ditions (the disc’s speed of rotation and the initial Ca(OH)2

concentration). The obtained results can be roughly

explained by the fact that, at low mixing rate, the high

supersaturation degree occurs in the liquid film on disc’s

surface and smaller crystallites can be formed and when the

discs rotate with higher speed, the liquid film is renewed

faster, so the supersaturation degree is not achieved which

results in slightly larger crystallites (Fig. 8c). The different

sizes of crystallites, different disc’s speeds of rotation and

different times of reaction influence the aggregates’ for-

mation, which results in their different average sizes for

different mixing conditions (for the same Ca(OH)2 initial

concentration). It is necessary to notice that the time of

reaction is linked with the disc’s speed of rotation, but

there is no quantitative correlation between these two

parameters. Moreover, at higher mixing rates, the equilib-

rium condition in the film is not reached. So, taking into

account all these factors, it is impossible to provide, as it

was stated above, the unequivocal explanation of the

relation between the size of aggregates formed in the RDR

and the process parameters.

The size of the aggregates was also measured after

heating them up in the laboratory oven. After few hours of

heating (for the removal of the impurities), the average

diameter of agglomerates became equal to 950.6 nm. The

aggregates’ size distribution was almost monomodal,

similar to those obtained immediately after the end of

reaction (Fig. 8).

The results showing influence of the reaction time,

disc’s speed of rotation and initial concentrations of the

slurry on the aggregates diameter are shown in Table 2.

Figure 9 shows the change of calcite aggregates’ size

over time, after the end of reaction, for three different

mixing conditions. The effective diameter of the aggre-

gates, leaving in the solution after the end of reaction,

strongly depends on time. The agglomerates grow during

the time of being in the solution.

The initial effective diameter, independent of the mixing

conditions, is equal to ca. 250 nm (252.8 nm for 80 rpm,

204 nm for 120 rpm and 201.3 nm for 160 rpm—Fig. 9)

but it is stable only for a short time. The time for which the

average size of agglomerates is in the range of 200–250 nm

depends on the mixing rate (Fig. 9). For the lower (80 rpm)

disc’s speed of rotation this time is equal to 20 min and for

higher (160 rpm) speed of disc’s rotation the time is equal

to about 45 min. The shorter formation time of stable

agglomerates for 80 rpm compared to 120 rpm can be

explained by the fact that, as was mentioned before, at low

mixing rate (80 rpm), due to high supersaturation degree in

the liquid film, the smaller crystallites are formed, which

leads to faster agglomeration than the slightly larger par-

ticles obtained for 120 rpm. The formation time of stable

150

200

250

300

350

400

450

500

550

600

0 5 10 15 20 25 30 35 40 45 50 55

Aggregation time/min

E
ffe

ct
iv

e 
di

am
et

er
/n

m

80 rpm 
120 rpm
160 rpm

Fig. 9 Aggregation of the CaCO3 particles in time, after the end of

reaction, for initial Ca(OH)2 concentration equal to 110 mM L-1 and

different mixing conditions (80, 120 and 160 rpm)

Table 2 Influence of reaction time, disc’s speed of rotation and

initial concentration of the slurry on the diameter of the particles

Initial Ca(OH)2

concentration/mM L-1
Disc’s speed of

rotation/rpm

Reaction

time/min

Diameter/

nm

110 80 15 241.7

120 11 85.6

160 9 188.2

54 80 11 219.4

120 9 70.3

160 7 146.2
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agglomerates for 160 rpm is only slightly longer than that

in the case of 80 rpm and much shorter than that for

120 rpm. It is caused by the fact that when discs rotate at

such a high rate, the liquid film is quickly renewed, and the

supersaturation degree is not achieved (non-equilibrium) as

well as due to the non-homogenous mixing which affects

the reaction kinetics, leading to the formation of agglom-

erates of such a size (similar to that for 80 rpm). Moreover,

from Fig. 9, it is seen that, in this case (160 rpm), the

agglomerates grow at a faster rate (slope of the line—

Fig. 9) than those in the cases of both the other (80 rpm

and 120 rpm) mixing rates.

After the stable period, the aggregates start to grow very

quickly (Fig. 9). The agglomerates of particles obtained for

80 rpm reach the size of 600 nm after 35 min, while those

obtained both for 120 rpm and 160 rpm reach the same

after 50 min. Times of the increase from the stable period

to reach the size of 600 nm are almost the same for 80 rpm

and 120 rpm, while in the case of 160 rpm, the time is

almost twice longer. Moreover, the character of agglom-

eration (slope of the agglomeration curve—Fig. 9) in the

case of 160 rpm is completely different from that for the

two other mixing rates, which confirms our assumption

concerning different kinetics of the aggregates formation.

Further, agglomeration of particles, which takes place

when the aggregate’s size exceeds 600 nm, causes falling

down of the aggregates, which results in a large fluctuation

in the measured values of the effective diameters. After a

few hours, the average diameter of the agglomerates, as

was mentioned above, is approximately equal to 950 nm. It

is necessary to point out also that according to bimodal

distribution of the particles (Fig. 8), some of the aggregates

(with high initial size), during the 25–50 min, reach the

size exceeding 1,000 nm and then fall down thus influ-

encing the measurements of the aggregate’s size.

The model and simulation results

The previously elaborated model [25] very accurately

described the size of single CaCO3 nanocrystals obtained in

the rotating disc reactor. We assumed that the reaction

proceeds in the thin liquid film formed on the surface of the

rotating disc [25], which creates a constant surface area of

gas–liquid interface, and the carbonation reaction of lime

water involves gas, liquid and solid phase. So, the process

can be described by the four following reactions:

CO2ðgÞ ¼ CO2ðlÞ ð2Þ

CO2ðgÞ þ OH� ¼ HCO�3 ð3Þ

HCO�3 þ OH� ¼ CO2�
3 þ H2O ð4Þ

Ca2þ þ CO2�
3 ¼ CaCO3ðsÞ ð5Þ

For the calculation of the mass balance of these reac-

tions, we applied the film theory [40, 41]:

ocCO2

ot
¼ DCO2

o2cCO2

ox2

� �
� kcCO2

cOH ð6Þ

ocOH

ot
¼ DOH

o2cOH

ox2

� �
� kcCO2

cOH ð7Þ

ocCaCO3

ot
¼ DCaCO3

o2cCaCO3

ox2

� �
� kcCO2

cOH � G0 � B0 ð8Þ

where t is the time; cCO2
, cOH and cCaCO3

are the concentrations

of gas reactant [CO2(g)], liquid reactant [OH-] and the product

[CO3
2-], respectively; G0 and B0 are the rates of nucleation and

crystal growth, respectively; k is the second-order chemical

reaction constant; DCO2, DOH and DCaCO3 are the diffusivity

values of (CO2(g)), (OH-) and (CO3
2-), respectively;

The population balance of the precipitated particles

(CaCO3) was described, assuming that the concentration of

[CO3
2-] is constant across the diffusion layer, by the fol-

lowing equation [42]:

oN

ot
þ G

oN

oL

� �
¼ DP

o2N

ox2

� �
ð9Þ

where N is the population density of particles, G is the

linear growth rate, L is the coordinate of particle dimen-

sion, and DP is the diffusivity of particles.

After substituting

N ¼ P=L; ð10Þ

we get that

oP

ot
þ G

oP

oL

� �
¼ DP

o2P

ox2

� �
þ G

L
P ð11Þ

where P(x,Li) is the number of density discretized, Li is the

particle size coordinate, and L0 is the effective nucleic size,

for the newly nucleated particles.

Solving the mass balance equations (Eqs. 6–8) and the

population equation (Eq. 11) (with the proper boundary

conditions [25] ), we could calculate the discretized density

number of particles (P(t,x,Li)) and the discretized diameter Li.

To calculate the size of the aggregates obtained in the

rotating disc reactor, we decided to extend our model adding

to the population balance the term describing aggregation

and disaggregation processes. So, when Dp = const, Eq. (9)

can be rewritten in the following form [43]:

oN

ot
þ G

oN

oL

� �
¼ DP

o2N

ox2

� �
þ S ð12Þ

where S is the function describing aggregation and disag-

gregation rates.
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The S function (dependent on volume) can be generally

written as two different functions: function which describes

aggregates’ formation—b(v) (’’birth’’) and function which

describes their disappearance—d(v) (’’death’’).

SðvÞ ¼ bðvÞ � dðvÞ ð13Þ

Both functions (b(v) and d(v)) consist of two contribu-

tions concerning aggregation of particles (ba(v) i da(v)) as

well as their disaggregation (bd(v) i dd(v)). In the case of

particles’ aggregation, we deal, at the same time, both with

the formation and disappearance of aggregates because

from many small aggregates (which disappear—da(v)),

larger aggregates (formation of new particles—ba(v)) are

formed. The same situation is obtained in the case of

aggregates’ disappearance—the large aggregates disappear

(dd(v)), and new small aggregates are formed (formation of

new particles—bd(v)) Thus,

SðvÞ ¼ baðvÞ þ bdðvÞ � daðvÞ � ddðvÞ ð14Þ

We can assume further, that in the case of calcium

carbonate precipitation (weakly dissolved salt), aggrega-

tion determines size of the particles, and thus the disap-

pearance process can be omitted in our considerations [44].

This assumption is especially correct for the crystallization

process taking place in the rotating disc reactor because of

the high supersaturation of the solution and the short time

of the process. After this assumption, Eq. (14) will have the

following form:

SðvÞ ¼ baðvÞ � daðvÞ ð15Þ

where, for the initial aggregation condition [44],

n v; t ¼ 0ð Þ ¼ no vð Þ; ð16Þ

the ba(v) and da(v) contributions assume the following

forms:

baðvÞ ¼
ZV

0

bðv� v0; v0Þnðv� v0Þnðv0Þdv0 ð17Þ

daðvÞ ¼ nðvÞ
Z1

0

bðv; v0Þnðv0Þdv0 ð18Þ

where b(v,v0) is the aggregation rate (frequency of collision

of particles of volume v with particles of volume v0), and

n(v) is the number of particles of volume v.

Equations (17, 18) can be expressed, instead of a vol-

ume function, in the form of a function of the particle size

coordinates:

baðLÞ ¼
L

2

ZL

0

bððL3 � k3Þ1=3; kÞnðL� kÞnðkÞdk ð19Þ

daðLÞ ¼ nðLÞ
Z1

0

bðL; kÞnðkÞdk ð20Þ

where b(L,k) is the aggregation rate (frequency of collision

of particles of size L with particles of size k), and n(L) is

the number of particles of size L.

Substituting Eqs. (19, 20) into Eq. (15), we get the final

form of function (S) describing particles’ aggregation in the

rotating disc reactor:

SðLÞ ¼ L

2

ZL

0

bððL3 � k3Þ1=3; kÞnðL� kÞnðkÞdk

� nðLÞ
Z1

0

bðL; kÞnðkÞdk ð21Þ

Crystal growth and aggregation are strongly dependent

on the supersaturation of solution. If we assume that,

according to Rigopoulos and Jones [3], because of the

supersaturation of the solution in the rotating disc reactor,

the expressions describing crystal growth and their aggre-

gation should have the same rates, then the aggregation rate

can be expressed by the following equation:

bððL� kÞ; kÞ ¼ kaðks � 1Þgðkþ ðL3 � k3Þ1=3Þ ð22Þ

where ka is the aggregation constant [3], ks is the solution

supersaturation rate, and g is the order of crystal growth.

Solution’s supersaturation rate (ions in solution) can be

expressed by the following equation [45]:

ffiffiffiffi
ks

p
� 1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aCaþaCO3�

Ksp

r
� 1 ð23Þ

where aCa? and aCO3� are the ion activities of the Ca2? and

CO3
2-, respectively; and Ksp is the solubility of the product

(calcium carbonate).

Ions’ activities can be calculated from the modified [46]

Debye–Hückel equation:

ai ¼ cici ð24Þ

logci ¼ �ADHz2
i

ffiffi
I
p

1þ
ffiffi
I
p � 0:3I

� �
ð25Þ

where ci is the activity of ion i, ci is the concentration of ion

i, I is the ionic strength, zi is the charge of ion i and ADH is

the Debye–Hückel constant

The ionic strength is described by the following

equation:

I ¼ 1

2

X
i

z2
i ci ð26Þ
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Solving the mass balance equations (Eqs. 6–8) and popu-

lation equation (Eqs. (11, 12) we could calculate the dis-

cretized density number of particles (P(t,x,Li)) and

discretized diameter Li.

To perform simulation calculations, we need some

expressions concerning diffusivity of particles, rates of

nucleation and crystal growth, and boundary conditions. In

the extended model, we assume, for the above variables,

the same expressions as in the previous one [25].

The diffusivity of the crystals within the liquid film was

described by the Stokes–Einstein equation [47]:

DP ¼ kBT=ð6plrÞ ð27Þ

where kB is the Boltzmann constant, kB = 1.38 10-23

[kg m2 s-2 K-1], T is the temperature [K], l is the vis-

cosity [P] and r is the radius of particle.

The number rate of nucleation (Jn) and linear crystal

growth (G) were expressed by the Nielsen equations [48]:

Jn ¼ kn C�C�ð Þn ð28Þ

G ¼ kg C�C�ð Þg ð29Þ

where n and g are the orders of nucleation and growth,

respectively; C and C * are the concentration and equi-

librium saturation concentration, respectively; and kn and,

kg are the nucleation and growth rate constants,

respectively.

The above equations can be expressed in the following

forms:

Jn ¼ kn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cCacCO3

p �
ffiffiffiffiffiffiffi
Ksp

p� �n ð30Þ

G ¼ kg
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cCacCO3

p �
ffiffiffiffiffiffiffi
Ksp

p� �g ð31Þ

The corresponding mass based rate equations of nucle-

ation and growth are respectively:

B0 ¼ aqJnL3
0 ða ¼ p=6 for the sphereÞ ð32Þ

G0 ¼
X1
i¼0

bqPðx; LiÞGL2
i ðb ¼ p for the sphereÞ ð33Þ

where q is the crystal density

The boundary conditions for the gas–liquid interface,

assuming that, except for the gaseous reactant (CO2(g)),

every component is non-volatile, are as follows:

x ¼ 0; t [ 0 ! cCO2
¼ c0

CO2
; dcOH=dx ¼ 0;

dcCO3
=dx ¼ 0; dP=dx ¼ 0;

ð34Þ

and for the film formed on the disc’s surface (dF—film

thickness), assuming that the newly nucleated particles

have an effective nucleic size equal to L0, they are as

follows:

at t [ 0; 0 \x \dF; t [ 0; ! L ¼ L0

oP

ot
þ G

oP

oL

� �

¼ DP

o2P

ox2

� �
þ Jn þ S

ð35Þ
L ! 1; P ¼ 0 ð36Þ

Simulations of the aggregation of CaCO3 nanoparticles

obtained in the rotating disc reactor, according to the above

model, have been performed under the following

assumptions:

(1) The concentration of Ca(OH)2 in the aqueous

solution is defined by its solubility in water and

kept at constant level until the excess of solid

Ca(OH)2 is not exhausted. Then, the dissolved

Ca(OH)2 level decays exponentially;

(2) The gaseous CO2 concentration is kept at constant

level, and its concentration in water is defined by its

solubility in water;

(3) The dissolved form of CaCO3 precipitates according

to kinetic laws described in the model, when its

concentration exceeds the saturation level;

(4) The increase of the obtained crystal mass is propor-

tional to the entire area of the nucleus;

(5) The time intervals for the calculation of the nucleus

formation, crystal growth and aggregation are equal

to the time of disappearance of CO2; and

(6) The change of the disc’s speed of rotation is

simulated by changingthe entire process time.

The nucleus formation is much faster than the growth of

the crystals. To account for this, the following two loops

have been created in the simulation program: the outer loop

which updates the size of precipitated grains and the inner

loop which updates the grain number of density.

All the physico-chemical parameters needed for the

calculations are given in Table 3. The nuclei effective size

Table 3 Parameters’ values used for the simulation

Parameter Value Reference

kn 1.0 9 107 mol3n-3 s-1 [49]

n 4.2

kg 8.06 9 10-9 mol-g m3g?1 s-1 [50]

g 2.0

DCO2
¼ DOH ¼ DCaCO3

2.2 9 10-9 m2 s-1 [51]

Ksp 3.47 9 10-3 mol2 m-6 [52]

k 12.4 m3 s-1 mol-1 [53]

q 2.71 g cm-3 [54]
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L0 was taken as equal to 30 nm (taken from the Gibbs–

Thompson equation; according to S. Wachi and A.G.

Jones’ estimation [40], it varies from 10-8 to

5 9 10-8 m)—according to our previous simulations [25].

We have performed different simulations by changing

the concentrations of Ca(OH)2 (from 23 to 54 mM L-1),

and disc’s speeds of rotation (from 30 rpm–14 min. for

Ca(OH)2 concentration = 23 mM L-1; 18 min. for

Ca(OH)2 concentration = 54 mM L-1 to 80 rpm–7 min.

for Ca(OH)2 concentration = 23 mM L-1; 9 min. for

Ca(OH)2 concentration = 54 mM L-1).

Calculated sizes of the aggregates during the reaction for

different Ca(OH)2 concentrations (23 and 54 mM L-1) are

shown in Fig. 10 (disc’s speed of rotation equal to 30 rpm)

and 11 ( disc’s speed of rotation equal to 80 rpm).

Obtained simulation results (Figs. 10, 11) clearly show

that, independent of disc’s speed of rotation and initial

Ca(OH)2 concentration, aggregates’ size growth in mono-

tonic way during the process time. This leads to the for-

mation of almost monomodal (similar average size)

aggregates at the end of the process.

Aggregates’ size depends most of all on the process time

and is equal to ca.. 230 nm for the process lasting 7 min.

(Fig. 11a), 300 nm for the process lasting 9 min.

(Fig. 11b), 450 nm for the process lasting 14 min

(Fig. 10a) and 500 nm for the process lasting 18 min.

(Fig. 10b). The constant value of the aggregates obtained is

due to the fact that, as was stated in our previous simulation

(the limited model—[25] ), single nanoparticle of CaCO3

formed in the rotating disc reactor used has constant size

(about 30 nm—[25] ). That is why the aggregation constant

(Eq. 20) and function describing aggregation process

(Eq. 19) do not depend on the difference in particles size

but are dependent on their number in the system (reactor).

Simulation results have been compared with the exper-

imental values. Figures 12 and 13 show a comparison of

the sizes of the aggregates precipitated in the rotating disc

reactor obtained from the performed simulation with the

experimental data obtained by means of DLS method.

The average sizes of aggregates, after the end of reaction

measured by DLS method for the disc’s speed of rotation

equal to 30 rpm, were 425 nm (Fig. 12a) for the initial

Ca(OH)2 concentration—23 mM L-1 and 516 nm for the

initial Ca(OH)2 concentration—54 mM L-1 (Fig. 12b). In

both cases, the particles size distribution was monomodal.

However, the obtained aggregates can differ even by

80 nm. Increasing the disc’s speed of rotation to 80 rpm

caused decrease in the average size of the aggregates.
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Fig. 10 Simulation results—

the size of CaCO3 aggregates as

a function of the precipitation

reaction time in the rotating disc

reactor with disc’s speed of

rotation being equal to 30 rpm

and initial Ca(OH)2

concentration being equal to:

a 23 mM L-1, b 54 mM L-1
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Fig. 11 Simulation results—

the size of CaCO3 aggregates as

a function of the precipitation

reaction time in the rotating disc

reactor with disc’s speed of

rotation being equal to 80 rpm

and the initial Ca(OH)2

concentration being equal to

a 23 mM L-1, b 54 mM L-1
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Again, the obtained aggregates were almost monodi-

spersed, but their average size was reduced to 290 nm for

the initial Ca(OH)2 concentration equal to 23 mM L-1,

(Fig. 13a) and to 219 nm for the initial Ca(OH)2 concen-

tration equal to 54 mM L-1 (Fig. 13b).

We have performed also simulations for the investigated

reaction conditions, i.e. the initial Ca(OH)2 concentrations

equal to 54 and 110 mM L-1 and three different speeds of

rotation of the disc equal to 80, 120 and 160 rpm. The

simulation results are shown in Figs. 14–16.
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rotation being equal to 30 rpm

and the initial Ca(OH)2
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a 23 mM L-1, b 54 mM L-1
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distribution in the rotating disc

reactor obtained from the

performed simulation (vertical

straight line) and by means of

dynamic light scattering method

with the disc’s speed of rotation
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initial Ca(OH)2 concentration

being equal to: a 23 mM L-1,

b 54 mM L-1
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Fig. 14 Simulation results—

the size of CaCO3 aggregates as

a function of the precipitation

reaction time in the rotating disc

reactor with disc’s speed of

rotation being equal to 80 rpm

and the initial Ca(OH)2

concentration being equal to:

a 54 mM L-1, b 110 mM L-1
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Besides the results obtained for the disc’s speed of

rotation equal to 160 rpm (Fig. 16), the simulation results

also fully agree with the experimental data (Table 2;

Figs. 9—the initial effective size, 12, 13, 14, 15). The

discrepancy between the final size of aggregates obtained

from simulation (85 nm for initial Ca(OH)2 concentra-

tion = 54 mM L-1 and 90 nm for initial Ca(OH)2 con-

centration = 110 mM L-1) and the experiment (146.2 nm

for initial Ca(OH)2 concentration = 54 mM L-1 and

188.2 nm for initial Ca(OH)2 concentra-

tion = 110 mM L-1) for the 160 rpm, can be caused by

the fact that in the reactor, at such a high rate, the liquid

film is quickly renewed, and the supersaturation degree is

not achieved (non-equilibrium), which is not taken into

account by the model. So, due to the non-homogenous

mixing affecting the reaction kinetics experimentally, the

formation of agglomerates with the size similar to that for

80 rpm takes place. It is worthy to notice that the shape of

simulation curves for the disc’s speed of rotation equal to

160 rpm (Fig. 16) shows that the equilibrium condition has

not been reached.

In the case of the reactor used, independent of the pro-

cess conditions, the monodispersed, nanometric single

crystals (30 nm—[25] ) have been obtained, which further

agglomerate to form monomodal aggregates with the size

depending on the disc’s speed of rotation.

Summarizing the results of crystallization process per-

formed in the rotating disc reactor, we can state that pro-

posed (extended) model is internally consistent, and very

well describes both the formation and the aggregation of

calcite particles until the equilibrium condition is reached.

Therefore, the model can be used and recommended for

accurate calculations of the particles’ and aggregates’ sizes

as well as their distribution obtained by gas–liquid pre-

cipitation reaction in the reactor. It is necessary to point out

that the proposed model does not describe the nanoparti-

cles’ aggregation which takes place after the end of the

precipitation reaction in the rotating disc reactor.

Conclusions

The results obtained in the study show that the carbonation

of dispersed calcium hydroxide in water with co-existence

of gaseous CO2 in ambient condition leads to the precipi-

tation of sub-micrometric aggregates in the order of

\1 lm. The size of the output aggregates strongly depends

both on the precipitation condition (like mixing rate and

initial concentration of the slurry) and the time of residing

in the solution.

The DLS method showed almost monomodal distribu-

tion of the particles in the solution obtained by means of
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Fig. 15 Simulation results—

the size of CaCO3 aggregates as

a function of the precipitation

reaction time in the rotating disc

reactor with disc’s speed of

rotation being equal to 120 rpm

and the initial Ca(OH)2

concentration being equal to

a 54 mM L-1, b 110 mM L-1
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Fig. 16 Simulation results—

the size of CaCO3 aggregates as

a function of the precipitation

reaction time in the rotating disc

reactor with disc’s speed of

rotation being equal to 160 rpm

and the initial Ca(OH)2

concentration being equal to

a 54 mM L-1, b 110 mM L-1
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the RDR. In the reactor, the stable, 30-nm-sized calcite

nanocrystals are formed, and then they immediately

agglomerate. The mean diameter of the aggregates

decreases with the increasing mixing rate. However, at

very high mixing rate (160 rpm), the mixing is not

homogenous, which results in the smaller size of the

agglomerates. The size of the aggregates is also dependent

on the initial concentration of the slurry. Consequently, the

higher the concentration of the slurry the larger the

aggregates are formed.

The obtained results allow for the general conclusion

concerning formation of nanoparticle in the RDR depend-

ing on process conditions. At low mixing rate, the high

supersaturation degree occurs in the liquid film on disc’s

surface, and small crystallites can be formed. When discs

rotate with higher rate, the liquid film is faster renewed; so,

at a certain speed of the disc rotation (in the case of the

reactor—160 rpm), the supersaturation degree is not

achieved, which results in slightly larger-sized crystallites.

It is important to notice that the obtained particles have

some impurities on their surface. They can be removed by

heating them up to 400 �C in a laboratory oven for about

2 h. The heating leads to the obtainment of chemically pure

aggregates of calcite which have the average size equal to

about 950 nm.

A new, extended model for description of crystallization

process taking place in the rotating disc reactor has been

proposed. The internally consistent model very well

describes both the formation and the aggregation of the

calcite nanoparticles and can be used and recommended for

accurate calculation of the particles’ and aggregates’ sizes

as well as their distribution in the reactor.

The obtained results suggest that the carbonation of

calcium hydroxide in the presence of gaseous CO2 at

ambient condition could be a powerful technique for pro-

ducing fine sub-micrometric particles of calcite on an

industrial scale.
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24. Kędra-Królik K, Gierycz P. Obtaining calcium carbonate in a

multiphase system by the use of new rotating disc precipitation

reactor. J Therm Anal Calorim. 2006;83(3):579–82.

Nanostructured calcite obtained in a controlled multiphase process 1337

123
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