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A comparison of the physical-chemical properties of precipitated calcium carbonate (PCC), pre-
pared by batch and semicontinuous processes, is presented. In both processes, PCC, was synthe-
sized by carbonation of slaked lime. In the batch process the experiments were performed by
varying the initial mass concentration and temperature, and the semicontinuous process was con-
ducted by varying the initial supersaturation and temperature. Calcite was the only calcium car-
bonate polymorph that appeared under the experimental conditions investigated. It was found,
that in the batch experiments the specific surface area and the average size of calcite particles de-
creased with the increase of temperature. At the same time, the increase of the initial mass
concentration of slaked lime enhanced the degree of precipitate aggregation. PCC prepared by
the semicontinuous process, conducted at low temperatures and high supersaturations, was of
high specific surface area. By careful tuning of the semicontinuous process parameters, calcite in
the form of rhombohedral, scalenohedral or nanosized spherical particles can be produced.
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Introduction

Calcium carbonate is an extremely versatile filler and pig-
ment that is utilized in a wide variety of products including
paper, plastics, rubber and pharmaceuticals. Its final appli-
cation is determined by different physical and chemical
properties. Calcium carbonate crystallizes forming a num-
ber of polymorphic and hydrate modifications (calcite, ara-
gonite, vaterite, calcium carbonate monohydrate, calcium
carbonate hexahydrate and amorphous calcium carbona-
te). Because of its thermodynamic stability at standard
conditions and its possibility to appear in various morpholo-
gies (rhombohedral, scalenohedral, spheroidal, etc.), calci-
te proves to be the most important polymorph in industrial
application. Thus for instance, the paper industry uses sca-
lenohedral calcite having the specific surface area of appro-
ximately 10 m2? g, while plastics and sealants industries
prefer rhombohedral calcite with rather high specific sur-
face area, up to 70 m2/g.

From the technological point of view, two kinds of calcium
carbonate products are distinguished: natural ground cal-
cium carbonate (GCC) and synthetic (precipitated) calcium
carbonate (PCC). Development of new technologies, ca-
used by the market demands for the high quality of a pro-
duct, puts specific needs to the calcium carbonate pro-
perties. To meet these needs, calcium carbonate should be
prepared under carefully controlled conditions and this can
be provided by PCC production only, since precipitation
opens plenty of possibilities of yielding the product with
predetermined properties.

PCC can be synthesized by two methods:! precipitation
from aqueous solutions, and carbonation of slaked lime.

Complex solutions of calcium salts and functional organic
additives are often added to slaked lime.23 The first method
is often adopted in a laboratory study, because of the ea-
siness in controlling process variables. In this way, for
example, Kitamura* revealed the effect of supersaturation,
feeding rate and temperature on the morphology and cry-
stallization of polymorphs in CaCl,-Na,CO; aqueous solu-
tions. In this way, also, we studied the effect of inorganic
additives on the physical and chemical properties of preci-
pitates from Ca(OH),—H,CO; aqueous solutions>¢ and the
conversion kinetics of vaterite to calcite in CaCl,—Na,CO,
aqueous solutions.” However, in industrial scale the most
widely used method to obtain PCC is the carbonation ro-
ute. This is due to the availability of raw materials and their
low costs. Basically, the industrial procedure of preparing
PCC consists of three steps:

(@) calcination of limestone to produce quicklime (CaO)
and carbon dioxide (CO,):

CaCO, (limestone) = CaO + CO,, (M

(b) the slaking process by controlling the addition of H,O, in
which the quicklime is transformed to slaked lime, i. e. sus-
pension of Ca(OH),:

CaO + H,O - Ca(OH),, 2)

(c) carbonation of slaked lime, i. e. bubbling CO, gas thro-
ugh an aqueous Ca(OH), suspension (CO, by-product pro-
duced in the calcination process is most often used):

Ca(OH), + CO, - CaCO, + H,0. (3)
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Currently, carbonation of slaked lime is performed com-
mercially only in batch reactors.” However, by using a semi-
continuous carbonation process it is possible to adjust the
driving force of this process. The driving force is usually ex-
pressed as supersaturation, S = [(a(Ca?*) a(CO;>))/K]"2,
where a denotes the activities of respective ionic specnes at
a certain time, and K, is the thermodynamic solubility pro-
duct of a partlcular calcium carbonate polymorph. By ad-
justing the supersaturation, it is possible to control the
morphology and size of the precipitated CaCO;.89 In this
work, the physical-chemical properties of PCC, prepared
by carbonation of slaked lime in the batch and semiconti-
nuous processes, are compared.

Experimental

Batch process

PCC was prepared in a 300 cm?® double-walled glass reac-
tor. Stirring was performed by a flat-bladed stirrer with two
perpendicular blades (n = 300 min-), the diameter being
1/3 of the reactor diameter. The vessel was fitted with two
vertical baffle plates to prevent vortex formation during stir-
ring. CO, gas was introduced into the vessel through the
nozzles placed at the bottom of these two baffles. Initially,
the reactor was filled with 200 cm3 of deionized water, sa-
turated by CO, gas (100 % CO,, Messer). The flow rate of
CO, was kept constant, Q = 820 cm?® min-'. The suspensi-
on of Ca(OH), (p. a., Merck) was injected into water satu-
rated with CO,, so that the initial mass concentration in the
system varied in the range 13.0 g dm= > y(Ca(OH),) >
28.6 g dm=. The temperature was kept constant during
each experiment in the range 25 °C < 6 < 45 °C. The pro-
pagation of the reaction was followed by measuring the
electrical conductivity of the reaction mixture, «,5 (norma-
lized to the value which refers to 25 °C).

Semicontinuous process

PCC was prepared in a thermostated glass reactor of 1.6
dm3 total volume capacity. The electrical conductivity was
controlled and kept constant at the predetermined value
within the range 0.5 mS cm-' < k,; < 5.0 mS cm-'. Peris-
taltic pump was used as actuator, which dosed the thermos-
tated Ca(OH), suspension (y(Ca(OH),) = 100 g cm3) into
the reactor. A gas mixture with approximately ¢ = 20 %
CO,/80 % N, (Messer) was used, simulating the flue gases
that are commonly used in the PCC industry during the car-
bonation process. The gas mixture was introduced at a con-
stant flow rate, Q = 7.5 dm? min-', into the vessel through
the nozzles placed at the bottom of the two baffles. Stirring
was performed by a flat-bladed stirrer (n = 400 min-") with
the diameter being 1/3 of the reactor diameter. The flow of
the Ca(OH), suspension was stopped 10 min after starting
the experiment, while the gas flow was kept constant until
the endpoint of the carbonation reaction, which was indi-
cated by a drop of conductivity.

Characterization of precipitate

At the end of each experiment, the final suspension was
treated in a centrifuge for 10 min, n. = 4000 min-', the
precipitate was separated and dried at @ = 105 °C for three
hours. The composition of the solid phase was determined
by Fourier transform infrared, FT-IR, spectroscopy (Mat-

tson, Genesis Series). The size distribution of particles was
analyzed by an electronic device, Coulter Multisizer 1I, and
the specific surface area was determined by the multiple
BET method (Micromeritics, Gemini) using nitrogen gas as
the adsorbate. Samples were also analyzed by means of
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM).

Results and discussion

Batch process

As it is well known, supersaturation is the most important
factor that determines physical-chemical properties of a
precipitate obtained from aqueous solutions.' Fig. 1 shows
changes of supersaturation in the precipitation system du-
ring the carbonation process, measured as electrical con-
ductivity of the Ca(OH), suspension. The initial, ascending
part of the k5 vs. time curves corresponds to the dissolution
of Ca(OH),, previously injected in the system. After reac-
hing its maximum, k5 value slowly decreases (approxi-
mately horizontal part of the curves) and then an abrupt
drop is evident from the moment the suspended Ca(OH),
disappears from the reaction mixture. The minimum value
of ks indicates the end of the calcium carbonate formation.
A subsequent increase of k5 is a consequence of PCC disso-
lution in the excess carbonic acid that remained in the sy-
stem. The results of mineralogical analyses of the final
products show that calcite was the only CaCO; polymorph
obtained at the end of each carbonation experiment. The
maximum value of conductivity and the carbonation time
decrease with decreasing the initial mass concentration of
Ca(OH), added to the system (see Fig. T and Table 1). Thus
for instance, at 25 °C and y(Ca(OH),) = 13.0 gdm=3 the ma-

Table 1 — Experimental conditions of PCC preparation by
the batch carbonation process and physical properties of precipi-
tates obtained

Tablica 1 - Eksperimentalni uvjeti priprave TKK Sarznim po-
stupkom karbonatizacije vapnenoga mlijeka i odgovarajuca fizicka
svojstva dobivenih taloga

E;peirt" p0c | 7718 [ tnac Kmr?’;((sd)/ s /m| 0
d s e g um

Pokus cm
1 25 13.0 264 6.60 16.5 5.3
2 25 20.0 460 7.37 21.4 6.3
3 25 28.6 900 7.80 25.7 10.7
4 35 13.0 320 6.72 11.9 4.2
5 35 20.0 496 6.97 12.3 4.2
6 35 28.6 776 7.07 10.7 5.3
7 45 13.0 328 6.30 11.1 3.5
8 45 20.0 536 6.46 11.2 3.3
9 45 28.6 820 6.48 9.6 3.5

a) — temperature; (b) — mass concentration of Ca(OH), suspension;
c) — time of carbonation; (d) — maximum conductivity of the system;
e) — specific surface area of PCC ; (f) — mean particle diameter of PCC
)
)
)

a) — temperatura; (b) — masena koncentracija suspenzije Ca(OH),;
) — vrijeme karbonatlzacu (d) — maksimalna el. provodnost sustava;

(
(
(
(
(
(e) - specnﬁcna povrsina TKK (f) — prosjecna velicina Cestica TKK
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Fig. 1 — Changes of k,; during the batch carbonation process
at different temperatures and initial mass concentrations of
Ca(OH),: (<) 13.0; (---) 20.0, and (.....) 28.6 g dm-3
Slika 1 - Promjena «,; tijekom karbonatizacije suspenzije
Ca(OH), u SarZnom reaktoru, pri razlicitim temperaturama i po-

Cetnim masenim koncentracijama Ca(OH),: (=) 13,0; () 20,0 i
(....) 28,6 gdm=

ximum conductivity of Ca(OH), saturated solution i,5m., =
6.60 mS cm- and at the same temperature and y(Ca(OH),)
= 28.6 g dm the maximum value of conductivity K,s,,., =
7.80 mS cm-'. As the conductivity of saturated Ca(OH),

solution at 25 °C equals 8.640 mS cm™', the maximum
conductivities quoted above roughly correspond to the
concentrations of total soluble calcium: ¢ = 0.0165 mol
dm- and c = 0.0196 mol dm=3, respectively. The maximum
conductivities obtained at 35 °C and 45 °C are lower than
that obtained at 25°C, due to the lower solubility of
Ca(OH), (and CO,!) at higher temperatures. Specific sur-
face area and mean particle diameter (expressed as the ma-
ximum value of particle diameter distribution) of the
precipitate increase with increasing the maximum conduc-
tivity. By comparison of experiments performed at different
temperatures, it is evident that the measured specific sur-
face area of PCC decreases with increasing temperature,
which is principally due to the lower solubility of Ca(OH),
and CO, at higher temperatures and with this connected
change of the prevailing mechanism of nucleation. For the
same reason, the degree of aggregation of the precipitated
particles follows the increase of the initial supersaturation,
as shown from the scanning electron micrographs of the
corresponding samples (Fig. 2). These findings are in accor-
dance with the theoretical models of precipitation by which
an increase of supersaturation gives rise to nucleation of a
larger number of smaller crystals and to their enhanced ag-
gregation.'?

Semicontinuous process

The main disadvantage of batch carbonation of slaked lime,
which is generally used in the PCC industry, is the limited
possibility of controlling the supersaturation of the system.
Regarding the fact that supersaturation is the main factor af-
fecting the physical-chemical properties of a precipitate,
conducting a process under constant supersaturation ena-
bles better definition of the final product properties. So, the
apparently constant supersaturation was maintained in
each experiment of this semicontinuous process. For this
purpose, the conductivity was kept at a predetermined va-
lue by controlling the feeding flow rate of the Ca(OH), sus-
pension.

Figure 3 shows progress curves («,5 vs. time) obtained du-
ring carbonation of slaked lime in the semicontinuous pro-
cess performed at different temperatures (6 = 25 °C, 6 = 35
°C and 6 = 45 °C) and conductivities (k,s = 0.5 mS cm-;
Ky = 1.0 mS cm™'; k,s = 1.5 mS cm™'; k,; = 3.0 mS cm~!

Fig. 2

— Scanning electron micrographs of PCC samples prepared by the batch process at & = 25 °C and different initial mass
concentrations of Ca(OH),: (a) 13.0 g dm=3; (b) 20.0 g dm=3 and (c) 28.6 g dm=

Slika 2 - Pretrazne elektronske mikrofotografije uzoraka TKK pripravljenih Sarznim postupkom pri @ = 25 °C i razlicitim pocetnim ma-
senim koncentracijama Ca(OH),: (a) 13,0 g dm=3; (b) 20,0 g dm=i (c) 28,6 g dm



M. UKRAINCZYK et al.:

Precipitated Calcium Carbonate, Kem. Ind. 56 (7-8) 385-390 (2007)

8 o
E o
, 25 28
6 iﬁ\h c
L Rp—ny § / h, 1
4 Sy ."f“lr-‘P’l”( A A UL rr 20+
1 it fdmnrwn'#,” 151
2
\/ TR SRR A\ '\ S!ng
E e e g \l by -
el e A et A e Al f\n\-n\nm )‘;\_,n T 101
0 — —_
8 - o
_ 61 35°C 0-
|
5 M Gass iy Lall
o 44
E ) ] tff‘wqmuMﬂ..:ﬂrf’rw.%wMiw-\w'M \ x5/ mS cm™ Mg A
LA = T oy Mg, | ’
F 7 P \
0L 2 ; T skichaiza ["«%‘5"‘?" . : | Fig. 4 - Values of the specific surface area of PCC prepared by
the semicontinuous process at different temperatures and conduc-
8 tivities
T 45 0(_* Slika 4 - Vrijednosti specificne povrsine TKK pripravljenog se-
6 h mikontinuiranim postupkom, pri razlicitim temperaturama i pro-
4 11 ’f"'ha‘i"’m'}”!h‘“"".*fﬂ”\’('-"il“"\'ﬂi"ﬁf""’"""‘i’“\'7"-]\ vodnostima
- -_II H'
T "*v'-‘)fr‘u'"fﬁ-*-i"-’-“’r‘\*M'V-W-‘;r.‘r'"*‘r*T‘“"*’\F‘f"’*" A
2 4 4 H — o — o H
] !"‘*L‘;Tf.’ﬁl‘\:a}r“fll'f{h-ff:'J{“’ﬁ‘ﬁﬁfﬂﬁk"’"ﬁ \ pleted (Fig. 3, 6 = 35 °C and 6 = 45 °C). This part of the
wsiegitel P process is denoted by a decrease of «,;, and its minimum
2 s ' "R value indicates the end of the calcium carbonate formation.
0 200 400 600 800 1000 . . .
A subsequent increase of k5 is a consequence of PCC disso-
tls lution in the excess carbonic acid that remained in the sy-
: . S stem. The shape of the k5 vs. time curve obtained in the
Fig. 3 - Progress curves of k,; during the semicontinuous car-

bonation process performed at different temperatures and conduc-
tivities

Slika 3 — Krivulie promjene provodnosti sustava tijekom semi-
kontinuiranog postupka karbonatizacije pri razlicitim temperatura-
ma i provodnostima

and «,; = 5.0 mS cm™'). The initial increase of conductivity
corresponds to the Ca(OH), dissolution during its introduc-
tion to the system. After reaching the predetermined wor-
king value of k,;, the conductivity of the system was kept
constant (conductivity plateau) by regulating the flow rate
of the Ca(OH), suspension. The addition of the Ca(OH),
suspension was stopped after 10 min when the carbonation
process came to the end, but the flow of the gas mixture
went on until precipitation of the excess Ca(OH), was com-

1 um

Fig. 5

P

— Typical TEM images of PCC prepared by the semicontinuous process: (a) rhombohedral, (b) scalenohedral, and (c) spherical

experiment carried out at @ = 25 °C and x5 > 1.5 mS cm-,
differs somewhat from the other experiments, since the
conductivity increases shortly after a period of constancy.
Such a behaviour of the conductivity during the process of
PCC formation is explained by being a consequence of nuc-
leation and growth of a certain calcium carbonate precursor
phase, probably an amorphous calcium carbonate, on the
surface of suspended Ca(OH), particles (so-called “surface
mechanism of precipitation”).%1 Since the precursor is ex-
tremely unstable,'? it rapidly dissolves in the process of
transformation into thermodynamically stable calcite, thus
liberating the surface of the Ca(OH), particles and causing
the uncontrolled increase in conductivity. Formation of a
precursor phase is expected when the supersaturation of
the system is higher than the certain critical value, typical
for the respective precipitation system. As at higher tem-
peratures the solubility of CO, is lower, the respective su-

b f '%‘E

o
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1 um e «1um
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Slika 5 — Karakteristicne transmisijske elektronske mikrofotografije uzoraka TKK pripravljenih postupkom: (a) romboedarski, (b) ska-

lenoedarski i (c) kuglasti.
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persaturation is lower and, consequently, the formation of
precursor phase(s) is less probable.

Calcite was found to be the only CaCO; polymorph obta-
ined in the given experimental range. Fig. 4 shows the
specific surface areas of PCC prepared by the semicontinu-
ous process. Specific surface area increases with increasing
supersaturation and decreasing temperature. PCC with the
highest specific surface area of s = 23.8 m2g-' was obtained
at@ = 25 °Cand k,; = 5.0 mS cm~". Typical TEM micropho-
tographs of PCC obtained at different temperatures and
conductivities are shown in Fig. 5. At low conductivities (k5
=0.5mS cm”, 1.0 mS cm~" and 1.5 mS cm™') and at all
investigated temperatures (0 = 25 °C, 35 °C and 45 °C),
rhombohedral crystals of calcite, with the mean particle
diameter d,, = 0.7 um, estimated by TEM, were produced
(Fig. 5a). Higher conductivities (k,; = 3.0 mS cm~" and 5.0
mS cm~') and temperatures of 6 = 35 °C and 45 °C gave rise
to the formation of scalenohedral calcite crystals (Fig. 5b).
In the experiments conducted at 25 °C and at constant
conductivities of 3.0 mS cm=' and 5.0 mS cm-', PCC ap-
peared in a form of nanosized spherical calcite particles, d,,
~ 30 nm (Fig. 50).

Conclusions

— Calcite is the only calcium carbonate polymorph obta-
ined by carbonation of slaked lime in the batch process, at
the experimental range of temperatures 25 °C < 6 < 45 °C,
initial mass concentrations of slaked lime 3.0 g dm= >
y(Ca(OH),) > 28.6 gdm=, and at constant CO, flow rate of
Q = 820 cm3 min-".

— Specific surface area and mean particle diameter of the
precipitated particles decrease with increasing tempera-
ture, while the increase of initial mass concentration of sla-
ked lime enhances the degree of precipitate aggregation.

— Calcite is also the only calcium carbonate polymorph that
precipitates in the semicontinuous process of slaked lime
carbonation, performed in the bench-scale reactor at ex-
perimental range of temperatures 25°C < 6 < 45 °C,
conductivities 0.5 mS cm™ < k,; < 5.0 mS cm~', and at
constant N,/CO, flow rate of 7.5 dm3 min-1.

— Specific surface area and mean diameter of particles in-
crease with increasing supersaturation and decreasing tem-
perature.

— Under experimental conditions of low temperatures and
high supersaturations (@ = 25 °C, k,; > 1.5 mS cm™) a
precursor phase precipitates initially, probably an amor-
phous calcium carbonate, which quickly transforms into
nanosized calcite.
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List of symbols
Popis simbola

a — activity
— aktivitet
c — concentration, mol dm-3

— koncentracija, mol dm-

c — equilibrium concentration (solubility), mol dm-3
— ravnotezna koncentracija (topljivost), mol dm-3

d — mean particle diameter, pm
— prosjecni promjer Cestica, pm
K, — thermodynamic equilibrium constant
— termodinamicka konstanta ravnoteze
n — stirring rate, min-'
— brzina vrtnje mjesala, min-'
Q — volume flow rate, dm3 min-
— obujmni protok, dm? min-!
S — supersaturation
— prezasicenost
s — specific surface area of precipitate, m2 g-'
— specifi¢na povrsina taloga, m? g-!
t — time of carbonation, s
— vrijeme karbonatizacije, s

y — mass concentration, g dm-
— masena koncentracija, g dm-

K — electrical conductivity, mS cm~!
— elektricna provodnost, mS cm™

0 — temperature, °C
— temperatura, °C

Y — volume ratio, 1
— obujamni omjer, 1
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SAZETAK
Priprava taloznog kalcijeva karbonata $arznim i semikontinuiranim postupkom
M. Ukrainczyk, J. Kontrec, V. Babic-Ivanci¢, Lj. Brecevic¢ i D. Kralj*

U ovom su radu usporedena fizicko-kemijska svojstva taloznog kalcijeva karbonata (TKK) priprav-
lienog karbonatizacijom vapnenog mlijeka u Sarznom i semikontinuiranom reaktoru. U Sarznom
su postupku varirane temperatura i pocetna masena koncentracija vapnenog mlijeka, dok su u
semikontinuiranom mijenjani temperatura i prezasi¢enost sustava. Pri svim je istrazivanim uvjeti-
ma nastao kalcit. Utvrdeno je da se specificna povrsina i prosjecni promjer Cestica kalcita, priprav-
lienog Sarznim postupkom, smanjuju s povecanjem temperature, dok se s povisenjem pocetne
masene koncentracije poboljsava stupanj agregiranosti taloga. TKK pripravljen semikontinuira-
nim postupkom, vodenim pri niskim temperaturama ili visokim prezasi¢enostima, velike je speci-
ficne povrsine. Odabirom procesnih parametara semikontinuiranog postupka moguce je pri-
praviti kalcit u obliku romboedarskih, skalenoedarskih ili kuglastih Cestica nanometarskih di-
menzija.

Laboratorij za procese taloZenja, Zavod za kemiju materijala, Prispjelo 26. rujna 2006.
Institut “Ruder Boskovic”, p. p. 180, 10002 Zagreb, Hrvatska Prihvaceno 22. sijecnja 2007.
*e-mail: kralj@irb.hr



