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The influence of sodium stearate (NaSt) on the precipitation of calcium carbonate during the semicontin-
uous process of slaked lime carbonation was studied in the systems in which process parameters, like
concentration of total dissolved calcium, temperature, CO2 flow rate and initial addition rate of slaked
lime, were controlled. It was found that calcite was the only calcium carbonate polymorph that appeared
under the investigated experimental conditions, while FT-IR spectroscopy and thermogravimetric analysis
of samples confirmed the presence of stearate on the surface of precipitated calcium carbonate
(PCC). Specific surface area of PCC increased with increasing stearate content: the highest value,
s = 52.8 m2 g−1, was obtained at t = 20 ◦C, ctot = 17.0 mmol dm−3 and the stearate content of
mNaSt/mCaO = 0.03. It was also found that hydrophobic calcite crystals in the form of rhombohedral and
scalenohedral morphology can be produced at mNaSt/mCaO > 0.01. The exception is the case of nanosized
PCC production, when much higher concentration of NaSt is needed, mNaSt/mCaO = 0.22. Minimal amount
of stearate necessary to build up the monolayer and corresponding cross sectional area of one stearate
molecule were estimated for the obtained calcite morphologies.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Precipitated calcium carbonate (PCC) is synthetic product,
which has found large application in various fields of industry,
mainly as filler and/or pigment. Introduction of new technologies,
caused by the market demands for the high quality products, re-
quires from PCC different physical and chemical properties. For
example, final properties of the polymer/PCC composites depend
strongly on the morphology, size distribution, surface characteris-
tics and degree of dispersion of the PCC filler. Dispersion of the
filler particles in the polymer matrix is of great importance, espe-
cially when using PCC of high specific surface area with tendency
to agglomerate. However, the incompatibility of PCC hydrophilic
surface with the hydrophobic polymers is a particular problem.
Therefore, the surface of calcite is often modified by a variety
of surfactants, among which fatty acids, or one of their salts,
are most commonly used [1–5]. As a result, a hydrophobic alkyl
chains is chemisorbed to the mineral surface, thus affecting the
surface forces between the filler and the polymer matrix. On the
other hand, the knowledge on the minimum quantity of fatty acid
molecules that could produce the hydrophobic precipitate suitable
for use as filler in polymer materials is of importance, because the
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excess of surfactant could deteriorate the physical chemical prop-
erties of composite.

The most widely used method of PCC production at industrial
scale is the so-called carbonation route, comprising a batch process
of CO2 bubbling through an aqueous Ca(OH)2 suspension. The prin-
ciple disadvantage of batch carbonation of slaked lime is limited
possibility of controlling the supersaturation of the system [6,7].
However, bench scale investigations have shown that an additional
control of the morphology and size of precipitated particles is pos-
sible by running carbonation as a semicontinuous process [6,8]. It
was also shown that calcite crystals, having different morphologies
(rhombohedral, truncated prismatic, scalenohedral, spheroidal or
chain-like agglomerates), could be produced by varying a range of
process parameters during the process of semicontinuous carbon-
ation, like temperature, concentration of total dissolved calcium,
CO2 flow rate, mass concentration of Ca(OH)2 and addition rate of
Ca(OH)2 [9].

Keum et al. prepared hydrophobic composite particles of CaCO3

directly by crystallization via solution route with a sodium trisi-
lanolate [10,11], rather then modifying the resultant PCC products.
Recently, hydrophobic PCC was also directly obtained by the batch
carbonation process [12–14]. The best results of the surface modi-
fication were obtained when sodium oleate was added at the hy-
drating stage of quicklime [15]. On the other hand, many studies
have shown that the presence of additives or impurities during the
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precipitation could affect crystal nucleation and/or crystal growth
of CaCO3 [16–21].

Up to now, there are no reports on the influence of fatty acid
additives on the calcium carbonate production in the semicontinu-
ous carbonation process, during which precipitate of different mor-
phological properties could be produced. In this work, we studied
the influence of sodium salt of stearic acid, CH3(CH2)16COOH, on
the precipitation of rhombohedral, scalenohedral and nanosized
calcite particles, during the semicontinuous carbonation process.
The analytical and technical grade quicklime was used in order to
find out the possible impact of naturally occurring impurities on
the carbonation and hydrophobization process.

2. Materials and methods

Carbonation process was performed by using either technical
grade lime or analytical grade Ca(OH)2. Technical grade CaO was
obtained from calcium carbonate raw material, provided by the
Kamen Sirač Inc., Croatia. According to chemical analysis, ma-
jor components of lime were found to be: CaO (94.66%, w/w),
MgO (3.14%, w/w), SiO2 (0.40%, w/w) and CO2 (1.80%, w/w). An-
alytical grade Ca(OH)2 (Merck) contained at least 96% (w/w)
Ca(OH)2, while the content of magnesium was below 0.5%, w/w.
Sodium stearate, NaSt, was prepared by mixing stearic acid,
CH3(CH2)16COOH, (Kemika, puriss.) and sodium hydroxide at 1:1
molar ratio, in the hot deionized water (80 ◦C). CaO (100 g) was
hydrated in 1.0 dm3 deionized water during 3 h in order to form
slaked lime slurry: the mass ratio of NaSt/CaO varied within the
range 0.00 < wNaSt < 0.03.

During semicontinuous carbonation process [6,9], PCC prepara-
tion was performed in a thermostated bench-scale glass reactor
of 6.0 dm3 total volume capacity. The concentration of total dis-
solved calcium, was maintained apparently constant during each
experiment, 2.0 mmol dm−3 < ctot < 17.0 mmol dm−3, by control-
ling the electrical conductivity of the reacting mixture, and by
dosing previously prepared and thermostated Ca(OH)2 suspension,
(γ (Ca(OH)2) = 132 g dm−3) into the reactor. The electrical con-
ductivity and total dissolved calcium concentration of Ca(OH)2 so-
lution were previously correlated. The concentration of total dis-
solved calcium was determined by means of an ion chromatogra-
phy system ICS-1000 (Dionex) fitted with a CS16 Analytical Col-
umn. Gas mixture with approximately 20% CO2/80% N2 (Messer)
was used, simulating the flue gases that are commonly used for in-
dustrial PCC preparation. Gas mixture was introduced at a constant
flow rate, Q = 1.0 dm3 min−1, into the reactor through the noz-
zles on the bottom of baffles. The temperature, 20 ◦C < t < 50 ◦C,
and the stirring rate, n = 1400 min−1, were kept constant during
each experiment. The flow of the Ca(OH)2 suspension was stopped
15 min after starting the experiment, while the gas flow was kept
constant until the endpoint of carbonation reaction, indicated by
an abrupt drop of conductivity. At the end of each experiment,
the precipitate was separated, either by 10 min of centrifugation,
nc = 4000 min−1, or by filtration through a 0.22 μm membrane fil-
ter, depending on the size of particles. The precipitate was rinsed
with water and dried at 105 ◦C for three hours. The mineralogical
composition of the solid phase was determined by FT-IR spec-
troscopy (Mattson, Genesis Series) and by X-ray powder diffraction
(Phillips PW1830 with a CuKα radiation). The average crystallite
size (D) of the PCC samples showing pronounced broadening of
the diffraction lines were calculated by the XRD line broaden-
ing method using the Scherrer formula: D = λ/(β cos θ), where λ

is the wavelength of radiation, β is full width at half maximum
(FWHM) of the diffraction peak after a correction for instrumen-
tal broadening, and θ is the diffraction peak angle. The size and
morphology of particles were observed by transmission electron
microscopy, TEM (FEI Morgagni 268 D and JEOL JEM-1400), and
Fig. 1. Typical progress curves of carbonation process performed at wNaSt = 0.01
and t = 20 ◦C: (a) ctot = 2.0 mmol dm−3, (b) ctot = 17.0 mmol dm−3 and t = 50 ◦C:
(c) ctot = 2.0 mmol dm−3, (d) ctot = 17.0 mmol dm−3. Dotted curve (e) represents
the carbonation process in which slow addition of lime slurry during the set-point
adjustment was applied.

the specific surface area, s, was determined by the multiple BET
method (Micromeritics, Gemini), using nitrogen gas as the adsor-
bate. Thermogravimetric analysis, TGA, was performed at a heating
rate of 10 ◦C min−1 in an air atmosphere using thermoanalyzer
TG-50 (Mettler Toledo). The content of calcium and magnesium
ions was determined by means of the ion chromatography system
mentioned above. The extent of hydrophobicity of different PCC
samples was evaluated by the contact angle method and simple
floating test on water. The contact angle was measured on a hor-
izontal surface of a PCC sample compressed in a pellet (400 mg)
by using contact angle analyzer OCA 20 (Dataphysics). Floating test
measured the ratio of floated product to overall weight of sample
after the sample was added to water and stirred vigorously [15].

3. Results and discussion

Semicontinuous process of slaked lime carbonation in the pres-
ence of NaSt was investigated at different concentration of total
dissolved calcium, ctot = 2.0, 9.5 and 17.0 mmol dm−3. Fig. 1 shows
typical progress curves (ctot vs time) of the semicontinuous pro-
cess of slaked lime carbonation at different temperatures (t =
20 ◦C and t = 50 ◦C) in the systems in which the concentrations
of total dissolved calcium were ctot = 2.0 mmol dm−3 and ctot =
17.0 mmol dm−3 while the NaSt mass ratio was, wNaSt = 0.01. The
observed initial increase of ctot corresponds to the Ca(OH)2 disso-
lution after introduction into the system, while the predetermined
constant concentration (concentration plateau) was kept constant
by regulating the flow rate of the Ca(OH)2 suspension. The ob-
served fluctuations of ctot from the predetermined value are due
to a rather complex precipitation system in which several phys-
ical chemical reactions take place in aqueous, solid and gaseous
phases, in a reactor of relatively large volume. In spite of a rela-
tively poor regulation at higher ctot, the reproducible production of
distinctive morphologies of PCC (rhombohedral, scalenohedral and
nanosized calcite) is possible [6–9]. The addition of Ca(OH)2 sus-
pension was stopped 15 min after the onset of the process, while
the flow of the gas mixture continued until the excess of Ca(OH)2
was completely carbonated. This part of the process is denoted
by a decrease of ctot, and its minimum value indicates the end
of the calcium carbonate formation. A subsequent increase of ctot
is a consequence of PCC dissolution in the excess of carbonic acid.
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The shape of the ctot vs time curve obtained in the experiment car-
ried out at t = 20 ◦C and ctot = 17.0 mmol dm−3 (curve b), differs
somewhat from the other experiments, because ctot could have not
been fully controlled and kept at the predetermined value. In this
system ctot suddenly increases after a period of constancy and the
overall carbonation process lasts more than twice longer in com-
parison to the other runs. This is explained by Carmona et al. [6,22]
as a “surface mechanism of precipitation,” during which an abrupt
dissolution of Ca(OH)2 particles causes an increase of calcium con-
centration. According to this model, undissolved Ca(OH)2 is ini-
tially covered by an amorphous calcium carbonate phase, which
nucleates at high initial supersaturation, and which, at certain mo-
ment, dissolves and transforms into the stable modification, cal-
cite. Consequently, by exposing the surface to solution, lime starts
to dissolve uncontrollably and thus increases the concentration of
calcium. However, in our previous work we succeeded to control
the conductivity/concentration of total dissolved calcium, even at
t = 20 ◦C and ctot = 17.0 mmol dm−3, by slow addition of Ca(OH)2
suspension during the set-point adjustment at the beginning of
the process (Q max(Ca(OH)2) = 40 cm3 min−1). In this way we have
confirmed the decisive role of the excess of suspended Ca(OH)2 in
the formation of the precursor phase, amorphous calcium carbon-
ate (ACC), the preparation of particular PCC morphologies and their
specific surface areas as well [9]. The respective progress curve
of the precipitation system in which a slow addition of the lime
slurry, during the set-point adjustment at the beginning of the
process, was applied is also shown (curve e). The other experimen-
tal conditions in this system (ctot = 17.0 mmol dm−3, t = 20 ◦C)
were identical to those in the system in which process went out
of control. It should also be emphasized that the shapes of the
progress curves and the other properties of the precipitate (mor-
phology, mineralogical composition, size distribution) of the com-
parable precipitation systems, either containing or without NaSt
(not shown), were almost identical.

3.1. Mineralogical composition

Mineralogical composition of the respective PCC samples was
determined by both, FT-IR spectroscopy and X-ray diffraction of the
powdered samples. Because of the economical reasons and possi-
ble large scale PCC production, a particular attention was paid to
the properties of PCC prepared by the use of technical grade raw
materials, since impurities, particularly Mg2+ present in the raw
materials (0.83%, w/w), can change morphology, cause the forma-
tion of additional polymorphic modifications or incorporate into
calcite structure [23,24]. However, the results of X-ray analysis re-
vealed that in all systems investigated in this work calcite was the
only crystalline phase obtained at the end of the carbonation pro-
cess, Fig. S1 in Supporting information.

On the other hand, the FT-IR spectra of the same PCC samples
obtained at t = 20 ◦C, ctot = 2.0 mmol dm−3 and different stearate
content (0 < wNaSt < 0.030) exhibited not only the typical ab-
sorption bands of calcite, at ν2 = 877 cm−1 and ν4 = 713 cm−1,
assigned as CO3 out-of-plane deformation mode and OCO bending
(in plane deformation) mode, respectively [25], but also absorben-
cies assigned to stearate alkyl groups (Fig. 2). The absorptions at
2920 cm−1 and 2850 cm−1, assigned as asymmetrical and sym-
metrical C–H stretching vibrations of the stearate alkyl group, con-
firm the presence of stearate molecules at the calcite surface [5]. In
order to estimate the relative amount of stearate adsorbed at the
respective calcite samples, the absorption intensities of asymmetri-
cal C–H stretching, νas = 2920 cm−1, were compared. At that, the
intensities were normalized with respect to intensities of calcite
absorption band at ν4 = 713 cm−1 (masses of calcite samples were
apparently the same: mc = 1.50 ± 0.1 mg). The measured values
continuously increased with increasing wNaSt thus indicating the
Fig. 2. FT-IR spectra of PCC obtained at t = 20 ◦C, ctot = 2.0 mmol dm−3 and differ-
ent mass ratios wNaSt: (a) 0.000, (b) 0.003, (c) 0.010, (d) 0.020, (e) 0.030. Spectrum
(f) corresponds to NaSt.

increase of the amount of stearate adsorbed on the PCC surface
(Fig. S2, Supporting information).

3.2. Specific surface area

Fig. 3 shows the results obtained from the measurements of
specific surface area of the calcite samples prepared from tech-
nical grade raw material at t = 20 ◦C, different concentrations of
total dissolved calcium and contents of NaSt. Specific surface ar-
eas of calcite, obtained without the presence of NaSt at ctot =
2.0 mmol dm−3 (Fig. 3a) and ctot = 17.0 mmol dm−3 (Fig. 3b), were
respectively, s = 1.4 m2 g−1 and s = 35.4 m2 g−1, indicating that at
higher concentration of dissolved calcium the nucleation rate was
enhanced and the size of thus produce particles reduced. Addition
of NaSt into the both systems clearly increased the surface area of
PCC: in the system with ctot = 17.0 mmol dm−3 the specific sur-
face area increased up to the value s = 51.0 m2 g−1, by increasing
the mass ratio wNaSt to 0.01. Further increase of the NaSt con-
tent increased the measured surface area just slightly, so that the
maximum value of s = 52.8 m2 g−1 was reached at wNaSt = 0.03.
Similar tendency of significant increase of s with increasing NaSt
content up to wNaSt = 0.01, was observed in the system with
lower concentration of dissolved calcium, ctot = 2.0 mmol dm−3:
the measured specific surface area was s = 2.5 m2 g−1, while the
maximum value obtained was, s = 2.8 m2 g−1 (wNaSt = 0.03).

On the other hand, a slow addition of Ca(OH)2 suspension,
Q max(Ca(OH)2) = 40 cm3 min−1, applied during the set-point ad-
justment in the system ctot = 17.0 mmol dm−3 and without the
presence of stearate, caused the formation of PCC with a specific
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Fig. 3. Values of the specific surface area, s, of PCC samples prepared at t =
20 ◦C, different NaSt content and different total dissolved calcium concentration:
(a) ctot = 2.0 mmol dm−3, (b) ctot = 17.0 mmol dm−3. The system in which ctot =
17.0 mmol dm−3, but slow addition of Ca(OH)2 suspension during the set-point ad-
justment was applied (Q max(Ca(OH)2) = 40 cm3 min−1) is also shown (c).

surface area s = 6.5 m2 g−1 (Fig. 3c). This is much lower value
than that obtained for the PCC produced at uncontrolled condi-
tions. This result indicates that nucleation rate was lower and the
average size of thus prepared calcite particles was larger.1 Op-
posite to the previously described systems (Figs. 3a, 3b), the ad-
dition of NaSt caused the decrease of specific surface area: the
value of s ≈ 4.7 m2 g−1 was measured for the calcite samples
prepared with the addition of all NaSt concentrations applied,
0.003 < wNaSt < 0.03.

The addition of NaSt to the system at t = 50 ◦C gave no signif-
icant and systematic effect to the specific surface area of PCC and
the average values for samples obtained at ctot = 2.0 mmol dm−3

and ctot = 17.0 mmol dm−3 were 2.2 and 4.2 m2 g−1, respectively.

3.3. Morphology and crystal size distribution

The results of the specific surface area measurements shown
above are consistent with TEM observations. Fig. 4 shows the
high magnification TEM microphotographs of typical calcite sample
prepared under experimental conditions investigated in this work
(TEM microphotographs of the same samples, but at lower magni-
fication, are given as Supporting information, Fig. S3). It is evident
that in the precipitation systems in which ctot = 2.0 mmol dm−3,
at both temperatures applied t = 20 ◦C and t = 50 ◦C, rhombohe-
dral calcite crystals of relatively regular and smooth edges were
produced. However, on the addition of stearate (wNaSt = 0.02), the
size and the rhombohedral morphology of the crystals were main-
tained, and just a partial curving of the crystal edges was observed.

1 Indeed, in the system in which the precipitation process goes out of the control,
the concentration of total dissolved calcium is, at that moment, even higher, ctot ≈
22.0 mmol dm−3, so the respective nucleation rate is proportionally enhanced.
Similarly, in the precipitation system in which scalenohedral cal-
cite crystals were prepared (t = 50 ◦C, ctot = 17.0 mmol dm−3), the
addition of stearate did not significantly change the shape of the
crystals.

In the system at t = 20 ◦C and ctot = 17.0 mmol dm−3, cal-
cite appeared in the form of nanosized, predominantly rhombo-
hedral, particles with the mean particle dimension of dm ≈ 30 nm.
The average crystallite size calculated by the XRD line broadening
method, using the Scherrer formula, was found to be D = 29.8 nm
(λ = 0.1540598 nm and FWHM = 0.3407 at (104) diffraction peak).
The formation of nanosized calcite particles at the given condi-
tions is not surprising, since high concentration of dissolved cal-
cium and low temperature, that permits a higher solubility of CO2
[22], caused an increase of the driving force for the solid phase
formation. Consequently, much higher nucleation rate, in compar-
ison to other systems, and the surface mechanism of precipitation
was obtained. It should be mentioned that in spite of the fact
that the precipitation process in this system went out of control,
the reproducibility of physical chemical properties of the resulting
product could have been obtained as long as other process param-
eters were constant [6,9]. When NaSt was added to this system
(wNaSt = 0.02), the rhombohedral shape of calcite particles appar-
ently did not change, but an additional, substantial, fraction of well
dispersed particles, with the mean dimension of dm ≈ 5 nm, was
obtained. The average size of thus prepared calcite crystallites was
also estimated by means of the XRD measurements and found to
be D = 24.5 nm (FWHM = 0.3849), thus indicating a decrease in
the PCC average crystallite size. This is also consistent with the
previously observed significant increase in the specific surface area
(Fig. 3b).

The common feature of the above described systems is a pro-
duction of precipitate that consists of (apparently) distinctive and
well defined morphology, either scalenohedral or rhombohedral.
However, by changing the process parameters of the semicon-
tinuous carbonation process, the precipitates of some intermedi-
ate morphology could be obtained. Thus for example, when slow
addition of Ca(OH)2 slurry was applied at the beginning of the
process, micrometer sized calcite particles of some intermediate
shapes appeared: rhomboscalenohedral crystals were observed in
the absence of NaSt, while scalenorhombohedral calcite was ob-
tained in the presence of NaSt [8]. In addition, the presence of
NaSt increased the particle size. Calcite precipitated in the sys-
tem, ctot = 9.5 mmol dm−3, t = 20 ◦C, appeared in the form of
spheroidal nanosized particles agglomerated in a chain-like struc-
ture. At the same calcium concentration and at higher temperature,
t = 50 ◦C, much larger calcite crystals, but still not of well defined
shape, were obtained; the precipitate could be described as a mix-
ture of rhombohedral and truncated prismatic crystals. Fig. S3 in
Supporting information shows the described morphologies.

3.4. Hydrophobicity

Apart from the importance of specific surface area and mor-
phology of PCC, when it is produced for particular purposes, the
hydrophobicity of mineral surfaces could be of major significance
when PCC is applied as filler in polymer composites. Therefore,
the extent of hydrophobicity of the calcite samples, prepared by
semicontinuous process, governed at different experimental con-
ditions, was estimated. The so-called floating test was applied or
the contact angle between a water droplet and the pellet pre-
pared from respective PCC samples was measured. A particular
attention was paid to the study of hydrophobic properties and
adsorption of stearate on the calcite samples with well defined
shapes, like rhombohedral crystals characterized by the presence of
specific {104} crystal faces, and scalenohedral morphology having
such {21-1} faces. Rhombohedral {104} surface is the most stable
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Fig. 4. TEM images of calcite prepared by semicontinuous carbonation process, at different temperatures (t = 20 and 50 ◦C) and total dissolved calcium concentration
(ctot = 2.0 and 17.0 mmol dm−3). Samples prepared by carbonation process in which slow addition of lime slurry during the set-point adjustment was applied (ctot =
17.0 mmol dm−3 (slow)), without NaSt (pure) and with NaSt at wNaSt = 0.02, are also shown.
among the calcite surfaces and contains equimolar amounts of cal-
cium and carbonate groups, while {21-1} surface is less stable as a
consequence of nonstoichiometric content of Ca and CO3 groups.

Results of the contact angle measurements are summarized and
shown graphically in Fig. 5. Contact angles are represented as a
function of the mass ratio, wNaSt, for the samples prepared at dif-
ferent temperatures and concentrations of total dissolved calcium.
Hydrophobic calcite samples were arbitrary chosen to be those
with contact angle α > 90◦ . Such samples were obtained at t =
50 ◦C and ctot = 2.0 and 17.0 mmol dm−3, as well as at t = 20 ◦C
and ctot = 2.0 mmol dm−3, in the systems in which the mass ratios
wNaSt were above 0.01 (typical images of the contact angle mea-
surements are shown as Supporting information, Fig. S4). Further
increase of the content of stearate, up to wNaSt = 0.03, slowly in-
creased the value of contact angle, so that the maximum of about
α = 130◦ was obtained for a given set of experimental conditions.
In the systems in which calcite was prepared at t = 20 ◦C and
ctot = 17.0 mmol dm−3, but at slow addition rate of Ca(OH)2 at
the beginning of the process, hydrophobic surface was formed only
when the mass ratio wNaSt was above 0.02. This finding can be ex-
plained by considering the fact that the specific surface area of
thus obtained PCC was higher (s = 4.75 m2 g−1) in comparison to
PCC obtained at ctot = 2.0 mmol dm−3 (s = 2.78 m2 g−1), so the
higher amount of NaSt was needed to cover the PCC surface com-
pletely.

A completely different behavior was observed for the carbon-
ation process carried out at t = 20 ◦C and ctot = 17.0 mmol dm−3.
Hydrophobic property of the samples was not obtained even at the
highest addition of NaSt applied, wNaSt = 0.03. This is because of
an extremely high specific surface area (s = 52.8 m2 g−1) of the
nanosized calcite particles obtained. In order to prepare hydropho-
bic PCC nanoparticles, additional experiments were performed. In
these experiments the addition of NaSt was significantly increased
(wNaSt > 0.22), so that a complete coverage of the PCC surface
with stearate molecules was possible. The contact angle of thus
obtained calcite samples was found to be α = 128.0◦ . Simple float-
ing test gave similar and consistent results of the hydrophobicity
measurements. A floating ratio of 100%, indicating the hydropho-
bic nature of calcite samples, was found for the samples shown in
Fig. 5 and α > 90◦ , the mass ratio being wNaSt � 0.01.

The content of stearate adsorbed on the surfaces of calcite
samples was determined by means of thermogravimetric analysis,
shown to be an appropriate technique for determining the con-
tent of fatty acids and even the mode of their interactions when
adsorbed at calcite surfaces [5]. Fig. 6 shows TGA curves of pure
calcite samples, prepared without addition of stearate, as well as of
the hydrophobic calcite samples of different specific surface area.
Calcite obtained in the absence of NaSt shows only decomposition
of CaCO3 (weight loss at about 800 ◦C) while the decomposition
of hydrophobic calcite samples occurs in two steps. The weight
loss at the temperature range of about 230 to 400 ◦C corresponds
to the removal of adsorbed stearate [1,5], while the loss at about
800 ◦C corresponds to the mineral phase decomposition. The con-
tent of stearate increased with increasing the specific surface areas
of the calcite samples and the maximum value of w = 11.7% was
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Fig. 5. Plots of the measured contact angle, α, of calcite samples shown as a function of mass ratio, mNaSt/mCaO. The calcite samples were obtained by carbonation process
performed at different total calcium concentration, ctot , and temperatures: (a) t = 50 ◦C and (b) t = 20 ◦C.
Fig. 6. Thermogravimetric analysis of (a) pure PCC and of hydrophobic PCC sam-
ples having different specific surface areas: (b) 2.5 m2 g−1, (c) 4.2 m2 g−1 and (d)
52.0 m2 g−1. Samples were obtained, respectively at the addition of the following
NaSt mass ratios: wNaSt = 0.01, wNaSt = 0.02 and wNaSt = 0.22.

obtained for nanosized calcite samples with highest surface area of
s = 52.0 m2 g−1 (curve d).

In order to estimate the extent of calcite surface coverage with
stearate monolayer and to compare thus obtained values for dif-
ferent calcite morphologies, the results of the contact angle mea-
surements and the values of the specific surface areas of the re-
spective calcite samples were used [1]. The points represented in
Fig. 7, show relationship between the values of the measured con-
tact angles and the calculated surface concentrations of stearate,
Γ = nNaSt/APCC (n is the amount of adsorbed stearate and APCC is
Table 1
Estimated values of stearate surface concentration at monolayer coverage, Γ , and
calculated cross sectional area of one stearate molecule, aSt , of the hydrophobic PCC
having different morphologies.

Morphology Experimental conditions s

(m2 g−1)
Γ

(μmol m−2)
aSt

(nm2)t (◦C) Ctot (mmol dm−3)

Rhombohedral {104} 20 2.0 2.5 7.919 0.210
Rhombohedral {104} 50 2.0 2.2 7.630 0.217
Scalenohedral {21-1} 50 17.0 4.5 5.225 0.317

Nanosizeda 20 17.0 52.0 6.198 0.268
Scalenorhombohedral
{21-1}{104}

20 17.0 (slow) 4.8 7.227 0.230

a Probably rhombohedral {104} morphology.

the total surface area of calcite), for the samples shown in Fig. 5.
The contact angle (hydrophobicity) linearly increases as a conse-
quence of the gradual increase of the amount of stearate adsorbed.
Approximately constant value of the contact angle (hydrophobic-
ity) was observed for the higher surface concentrations, which is
consequence of two-dimensional aggregation and lateral interac-
tions between hydrophobic alkyl chains of stearate molecules [5].
From the intersection of two straight lines, drawn through the
points corresponding to (a) gradual coverage of the surface and (b)
the excess adsorption of stearate, the values of surface concentra-
tion corresponding to a minimum amount of stearate necessary to
build up the monolayer were calculated. In order to prove the con-
cept of site-directed adsorption, the area of one stearate molecule,
adsorbed on the morphologically different calcite surfaces, was es-
timated from the values of minimum surface concentration. The
results are summarized in Table 1. For the calcite samples, pre-
dominantly consisting of rhombohedral {104} planes with the sur-
face density of 5.05 Ca2+ ions/nm2, the calculated area of one
stearate molecule is about 0.21 nm2. The results are in reason-



M. Ukrainczyk et al. / Journal of Colloid and Interface Science 329 (2009) 89–96 95
Fig. 7. Plots of the contact angle, α, of calcite samples with different morphologies, shown as a function of stearate surface concentration, nNaSt/APCC. Samples were obtained
at different temperatures and different total calcium concentrations and correspond to samples shown in Fig. 5.
ably good agreement with the experimentally obtained data for
the stearate-treated PCC [1,3–5], and with the data of in situ X-ray
reflectivity study of stearate adsorption from methanol on Iceland
spar calcite crystal, aSt = 0.199 nm2 [26]. The model assumes the
tilt of alkyl chain of 7% and chemisorption at the surface, through
the formation of site-specific bonds between surface calcium ions
and oxygen from carboxyl group. It can be described by the reac-
tion:

≡Ca–OH + HOOC–R → ≡Ca–OOC–R + H2O,

where, ≡Ca is the surface calcium ion, and R is the alkyl chain.
The calculated area of one stearate molecule adsorbed on

the calcite samples consisting of nonstoichiometric, scalenohedral
{21-1} planes,2 with the surface density of 4.04 Ca2+ ions/nm2, is
higher, aSt = 0.317 nm2. This result can be explained, either by the
lower surface density of Ca2+ ions onto which carboxyl group are
coordinated and/or by different lateral order of stearate molecules.

2 Actually, {21-1} planes does not cut perfectly calcium ions, so the 0.06 nm slide
above and below the plane was considered for calculation of the surface density.
However, the measured value of aSt = 0.317 nm2 is higher than
theoretical one, aSt = 0.248 nm2, probably just because of lateral
disorder and tilting of stearate molecules.

The obtained values for the cross-sectional area of stearate
molecules, for intermediate or not well defined calcite morpholo-
gies, like rhomboscalenohedral or nanosized calcite, are respec-
tively between the two distinct cases, aSt = 0.230 nm2 and aSt =
0.268 nm2, which seems to be consistent with the proposed model
of stearate adsorption on different calcite faces.

A simplified model of stearate adsorption onto the stoichiomet-
ric calcite surface, like {104}, is schematically shown in Fig. 8. The
advancement of stearate adsorption (Figs. 8a, 8b) coincide with in-
creasing concentration and corresponds to the linear increase of
hydrophobicity (Fig. 7). The attainment of monolayer (Fig. 8c) cor-
responds to intersection of two straight lines (Fig. 7), while the ad-
ditional association of stearate molecules (Fig. 8d), resulting from
hydrophobic interactions of alkyl chains, does not significantly con-
tribute to the overall hydrophobicity of the precipitate. This is seen
as an apparently constant value of the measured contact angle, α

(Fig. 7).
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Fig. 8. A simplified model of stearate adsorption onto the stoichiometric calcite surface.
4. Conclusions

The influence of sodium stearate on the precipitation of calcium
carbonate, performed in a semicontinuous bench scale reactor,
has been investigated. In order to find out optimal conditions for
the preparation of PCC with the desired physical–chemical prop-
erties (particle size distribution, morphology and hydrophobicity),
a range of process parameters, like total dissolved calcium con-
centration, temperature, initial addition rate of Ca(OH)2 suspension
and concentration of NaSt, were varied systematically. It was found
that calcite was the only calcium carbonate polymorph that ap-
peared under the investigated experimental conditions, while FT-IR
spectroscopy and thermogravimetric analysis of the samples con-
firmed the presence of stearate on the surface of the precipitated
calcium carbonate. The addition of stearate did not significantly
change the shape of the calcite crystals, while the specific surface
area of rhombohedral and scalenohedral PCC increased with in-
creasing the stearate addition.

It is demonstrated that hydrophobic calcite crystals in the form
of rhombohedral, scalenorhombohedral and scalenohedral mor-
phology can be produced at wNaSt > 0.01. The exception is the
nanosized PCC production, for which a much higher concentration
of NaSt is needed, wNaSt = 0.22.

It was also found that surface concentration, corresponding to
the formation of stearate monolayer, is higher for calcite sam-
ples predominantly consisting of rhombohedral {104} planes than
for calcite samples consisting of nonstoichiometric, scalenohedral
{21-1} planes. Lower surface concentration for scalenohedral cal-
cite is explained, either by lower surface density of Ca2+ ions of
scalenohedral {21-1} planes and/or by different lateral order of
stearate molecules.

PCC samples prepared by technical grade quick lime have sim-
ilar mineralogical and morphological properties as those obtained
from analytically pure chemicals.
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[16] J. Kontrec, D. Kralj, Lj. Brečević, G. Falini, S. Fermani, V. Nöthig-Laslo, K.
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[24] D. Kralj, J. Kontrec, Lj. Brečević, G. Falini, V. Nöthig-Laslo, Chem. Eur. J. 10

(2004) 1647.
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