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ABSTRACT: Calcium carbonate is a common natural mineral
with a wide range of applications. In this study, hollow calcite
microspheres were successfully synthesized by using calcium
chloride and sodium carbonate as raw materials in an SDS−PEG
system. The results suggested that the appropriate concentration of
SDS is necessary during the spherical crystallization of calcium
carbonate. It was found that the crystals started to aggregate under
the effect of SDS, and aggregation was enhanced with an increase
in SDS concentration, leading to the transformation from hollow to
solid microspheres. However, high temperatures will lead to the
transformation from calcite to aragonite, resulting in the collapse of
the formed spherical structure. Infrared spectroscopy and
conductivity analysis suggested that when the concentration of
SDS reached 0.3 g/L in the PEG−SDS system, SDS and PEG formed a spherical supramolecular structure. This structure could act
as a template, leading to the aggregation of calcite through electrostatic attraction and finally to the formation of a hollow spherical
structure.

1. INTRODUCTION
Calcium carbonate is a common mineral in nature that is widely
used in industry. However, natural calcium carbonate needs to
be regulated to meet the needs of different conditions due to its
different polymorphs and morphologies. Generally, calcium
carbonate has three different polymorphs, vaterite, aragonite,
and calcite, whose thermodynamic stability increases in this
order.1−3 Several studies have been conducted on the
morphology and polymorphic control of calcium carbonate.4−8

Among them, spherical calcium carbonate has been widely
studied because of its simple structure, good smoothness, and
fluidity.9−13 Studies have shown that adding additives is one of
the most effective methods for the morphology control of
calcium carbonate. Zheng et al.14 successfully prepared spherical
calcium carbonate with poly(acrylic acid) and sodium dodecyl
benzenesulfonate, which indicated that the morphology of
calcium carbonate can be controlled by anionic surfactants and
anionic polymers. Ramesh et al.15 found that in the water−
methanol system, the polymorph of calcium carbonate can be
controlled by adjusting the pH. When pH < 8, vaterite and
calcite could crystallize simultaneously, while only vaterite could
crystallize from the solution when pH > 8. Xia et al.16 used PSS
as an additive to prepare spherical and olive-shaped vaterite by
mixed deposition in aqueous solution and dimethyl sulfoxide
(DMSO)−aqueous solution, respectively. However, most of the

research still focuses on the control of vaterite calcium carbonate
microspheres. As the most thermodynamically unstable
polymorph, vaterite will easily transform into stable calcite,
resulting in the collapse of the spherical morphology.17−22

Therefore, it may be difficult for vaterite calcium carbonate
microspheres to maintain their morphology, which would limit
their further application. Compared with vaterite microspheres,
calcite microspheres are more favored for their long-standing
maintenance of the original shape. However, few studies have
been conducted on the control of calcite microspheres.
In this study, hollow calcite microspheres were successfully

synthesized by using poly(ethylene glycol) (PEG)−sodium
dodecyl sulfate (SDS) as additives. It was found that the
concentration of additives and the temperature of the reaction
system could significantly affect the morphology of calcite
crystals, and PXRD, FTIR, and SEM were conducted to further
investigate the morphology and polymorphic evolution of the
crystals. In addition, the regulating mechanism of PEG−SDS
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supramolecules was analyzed, and finally, the process of
spherical crystallization of calcite was proposed.

2. MATERIALS AND METHODS
2.1. Materials. Sodium carbonate (Na2CO3), calcium

chloride (CaCl2), and sodium dodecyl sulfonate (SDS) were
purchased from Xi Long Chemical Factory (Shantou, China),
and poly(ethylene glycol) (PEG) (average Mn 400) was
purchased from Aladdin Biochemical Technology Co. Ltd.
(Shanghai, China). All chemicals were of analytical grade and
used without further purification.
2.2. Preparation of Hollow Microspheres of CaCO3. An

equal volume of 25 g/L PEG solution was added to 0.1 mol/L
CaCl2 solution and Na2CO3 solution, respectively, and the
solution was placed in a water bath at different temperatures and
stirred for 30 min. A certain amount of SDS was added to
Na2CO3 solution and continued to be stirred for 30 min. Finally,
theNa2CO3 solution was quickly introduced into CaCl2 solution
and continuously stirred for 2h. Then, the solution was filtered
andwashed, and the solid was dried in the oven (80 °C) for 8h to
obtain hollow microspheres of CaCO3.
2.3. Characterization. Morphologies of the synthesized

CaCO3 microparticles were characterized by scanning electron
microscopy (SEM, TM3000, Hitachi, Japan) with an accelerat-
ing voltage of 10 kV. The crystallographic structure of the
microspheres was identified with a Rigaku MiniFlex-600 X-ray
diffractometer (Rigaku, Japan) using Cu Kα radiation (λ =
1.54184 Å) at 40 kV and 15 mA, in the 2θ range of 10−90° with
a scan rate of 10.0°/min. All data were obtained at ambient
temperature. FTIR spectra were collected with a Bruker α ATR
platinum instrument in the wavenumber range of 4000−500
cm−1, with a resolution of 4 cm−1 under ambient conditions.

3. RESULTS AND DISCUSSION
3.1. Growth of CaCO3 Hollow Spheres in the Presence

of SDS. First, the influence of single additives on the
crystallization of calcium carbonate was studied. Figure 1
shows that when PEG alone was added to the solution, only
cube-like crystals were obtained, regardless of its concentration
(Figure 1a−c). The same observation was made when SDS was
added to the solution with a concentration of 1 g/L (Figure 1d),
but when the concentration of SDS increased, calcium carbonate
started to crystallize into a multilayered flower morphology
(Figure 1e,f). However, still, no spherical crystals formed in the
solution with the addition of SDS.
Based on the above results, we continued to study whether

there exists some synergistic effect of the two additives. Figure 2
shows the SEM images of the obtained samples with different
concentrations of SDS in the presence of PEG (25 g/L). It could
be found that when no SDS was added to the solution, typical
cubic CaCO3 crystallized from the solution. When the
concentration of SDS is 1 g/L, spherical crystals appeared,
with partially cubic CaCO3 crystals. When the amount of SDS
was increased to 3 g/L, all of the CaCO3 crystals aggregated into
hollow microspheres with a diameter of 8−10 μm. However,
when the amount of SDS reached 4 g/L, hollow calcium
carbonate gradually disappeared and solid calcium carbonate
microspheres formed. This result reveals that the synergistic
effect of the two additives may be responsible for the formation
of the hollow spherical crystal.
To verify whether the polymorphic transition occurs during

the spherical crystallization, PXRD was performed for different
samples, whose results are illustrated in Figure 3. The PXRD
patterns revealed that the polymorphic transition did not occur
regardless of the concentration of SDS, and a comparison with
the PDF card indicated that the samples existed in the calcite
form. The characteristic reflection at 2θ values of 23.054, 29.4,

Figure 1. SEM images of the samples with different concentrations of additives: (a) PEG 10 g/L, (b) PEG 15 g/L, (c) PEG 25 g/L, (d) SDS 1 g/L, (e)
SDS 3 g/L, and (f) SDS 4 g/L.
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35.969, 39.409, 43.158, 47.506, and 48.505° correspond to the
hkl planes of (102), (104), (110), (113), (202), (018), and
(116), respectively. The peak values of the PXRD spectrumwere
normalized, and the orientation uniformity during the formation
of calcite under different conditions was quantitatively analyzed.
The uniformity is determined by the following formula:23

=hkl
I I

I I
%

/

( / )
100%hkl hkl

hkl hkl hkl

( )

( )

where I(hkl) represents the actual peak intensity of the sample
and I*(hkl) represents the diffraction peak intensity of the
corresponding crystal plane of the standard intensity. The results
are presented in Table 1.
As shown in Table 1, the orientation uniformity of calcite

crystals precipitated in different solutions is basically the same,
which indicates that the additives have limited effect on the
polymorphic form of CaCO3. Nevertheless, only if SDS coexists
with PEG in the solution, CaCO3 tends to aggregate into
spheres. This may imply that there is a synergistic effect between

Figure 2. SEM images of the obtained samples with different SDS concentrations in the presence of PEG (25 g/L): (a) 0, (b) 1, (c) 3, and (d) 4 g/L
SDS.

Figure 3. PXRD patterns of the samples obtained with different SDS concentrations (%).
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the polymer and the surfactant on the formation of spherical
calcium carbonate.
3.2. Influence of Temperature.The temperature also has a

significant influence on the morphology of CaCO3, especially in
the presence of the polymer and surfactant. Temperature may
affect the interactions between the polymer and surfactant, thus
further affecting the growth and aggregation of calcium
carbonate. The morphology of the precipitated CaCO3 under
different temperatures is shown in Figure 4, with the
concentration of SDS at 3 g/L.
Figure 4a shows that at a relatively lower temperature (20 °C),

the synthesized calcium carbonate precipitates are mainly cubic
crystals without spherical aggregation, which is supposed to be
calcite, the most thermally stable polymorph. Nevertheless,
when the temperature was increased to 40 °C, the crystals began
to agglomerate into hollow spheres (Figure 4b), indicating the
variation in the interactions between the particles in the solution.
However, at this time, it is obvious that the spherical particles are
still composed of cubic crystals. As the temperature increased
continuously (60 and 80 °C, Figure 4c,d), the original spherical
aggregates collapsed, while rodlike crystals formed, suggesting
that the state of the solution changed again with the temperature
varying.

To verify whether polymorphic transition occurred with an
increase in temperature, PXRD was conducted for the samples,
as shown in Figure 5. The PXRD analysis suggests that when the
temperature is 20−40 °C, the PXRD diffraction characteristic
peak of the sample corresponds to PDF 01−083−0453,
indicating that the crystals are mainly calcite, which is consistent
with the SEM morphology analysis. However, when the
temperature reached 60 °C, the morphology of the crystals
changed and a large number of short rods appeared. PXRD
analysis shows that the diffraction characteristic peak is
consistent with PDF 00−005−0453, indicating that calcite
calcium carbonate gradually converts to aragonite. These results
indicate that temperature may affect the interactions between
the SDS, PEG, and the calcite crystal surfaces, resulting in both
morphology and polymorph transition.
3.3. Influence of Reaction Time. To explore the formation

process of the calcium carbonate microsphere, the morphology
of calcium carbonate under different reaction time conditions
was analyzed, and the results are shown in Figure 6. It can be
seen from the SEM that after reaction for 0.5h, calcium
carbonate microspheres were generated in the solution, and with
the crystallization reaction proceeding, more microspherical
crystals formed in the solution, and nearly all of the calcium
carbonate crystals aggregated into larger spherical crystals after

Table 1. PXRD Data of the Crystallographic Orientation of Calcite Crystals Precipitated from Different Systems

SDS 0 g/L, PEG 0 g/L SDS 0 g/L PEG 25 g/L SDS 3 g/L PEG 25 g/L

hkl standard intensity I(hkl) %hkl I(hkl) %hkl I(hkl) %hkl

102 9.6 32802 17.60 10986 12.74 25223 17.88
104 100 309194 15.93 108323 12.06 239852 16.32
110 13.3 34775 13.47 16686 13.97 27800 14.22
113 18.5 50750 14.13 23833 14.34 37667 13.85
202 14.3 35624 12.84 17302 13.47 29929 14.24
018 18.0 46515 13.31 29743 18.39 31944 12.07
116 19.0 46865 12.71 25652 15.03 31896 11.42

Figure 4. SEM images of the obtained samples at different temperatures: (a) 20, (b) 40, (c) 60, and (d) 80 °C.
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2h. At this time, holes could be found on the surface of the
spherical crystals, suggesting their hollow structures. However,
at 3 h, the holes became smaller and finally disappeared,
resulting in a spherical crystal with an intact surface. By
comparing the PXRD spectra with PDF cards (Figure 7), it
could be suggested that the samples are calcite and that no
polymorph transition occurred during the whole process.
3.4. Growth Mechanism for the Formation of Hollow

CaCO3Microspheres. In order to understand the composition
of the product, SEM and EDS surface scanning analyses were
conducted. As the unique elements in calcium carbonate and
SDS, the presence of Ca and S can be used to distinguish the
presence of calcium carbonate and SDS. As shown in Figure 8,
the distribution of Ca is consistent with that of microspheres in
the SEM image, indicating that the products are mainly CaCO3.
The EDS of S suggested that SDS (Figure 8c) also exists in the
product, although in small amounts, and further overlay of the
mapping supposed that some of the SDS was distributed on the
surface of microspheres (Figure 8d). This indicated that the
additives exhibit some interactions with the crystal faces, which

may play a dominant role in the formation of spherical calcium
carbonate.
To better understand the formation of spherical calcite, FTIR

spectroscopy was performed, and the results are illustrated in
Figure 9. It could be found that all of the samples showed
absorption peaks at around 1385, 872, and 712 cm−1, which
corresponded to standard calcite,24−26 indicating that the
structure of the synthesized spherical calcium carbonate was
that of calcite. However, in PEG−SDS and PEG systems, a
chemical shift occurs in these peaks, which may be attributed to
the addition of SDS and PEG. In addition, compared with pure
calcium carbonate, calcium carbonate synthesized in the PEG−
SDS system showed new absorption peaks at 2912, 2844, 1175,
and 1055 cm−1,27,28 which corresponded to the vibration of the
C−H and alkyl sulfur groups of SDS molecules, respectively.
Because of the fact that the samples were washed with deionized
water after filtration, it could be supposed that SDS participated
in the formation of spherical calcium carbonate and was left
inside the spheres, again indicating that SDS may serve as a
template to induce the formation of spherical calcite.

Figure 5. PXRD patterns of the samples obtained at different temperatures.

Figure 6. SEM image of the product with different reaction times: (a) 0.5, (b) 2, and (c) 3 h.
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To further determine the role of additives in the formation of
spherical crystals, the conductivity of the solution (temperature:
40 °C; PEG 25 g/L; different concentrations of SDS) was tested
to characterize the state of SDS molecules with different
concentrations in the PEG−water system. As shown in Figure
10, it was found that the conductivity of the solution increased
gradually with an increase in the SDS concentration. The slope
of different points represents different states of the solution.
When the SDS concentration reached 3 g/L (point A), the
conductivity of the solution showed an obvious decrease, which
indicates the formation of clusters. When the SDS concentration
reached 4 g/L (point B), the conductivity of the solution showed
an obviously increasing trend, indicating that the properties of

the solution changed again, and it can be seen obviously that a
white floc appears in the solution, which means that the state of
the original solution has been broken. Meanwhile, the surface of
calcite crystals was also analyzed in detail to confirm the
electrostatic force between calcite and the SDS−PEG polymer.
According to the zeta potential of the calcite shown in Figure 11,
when the solution is neutral, the surface of calcite is positive.
This means that the calcite crystals could probably be induced
by the SDS−PEG structure, whichmay be themain driving force
for the formation of spherical crystals.
According to previous studies, it is believed that electrostatic

forces or crystal growth are responsible for the formation of
hollow spheres.29,30 Because of the electrostatic attraction, a

Figure 7. PXRD patterns of the sample.

Figure 8. (a) SEM image and (b−d) EDS of the product.
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large amount of calcium ions would attach to the surface of the
polymer first, followed by the attachment of CO2−3 to the Ca2+
aggregates. Then, the initial calcium carbonate particles are
formed, which eventually grow into spherical particles.31−33

However, in our study, the formation process of spherical
CaCO3 crystals is significantly different. According to the
experiments above, the hollow spherical microspheres only
formed when two additives were added in a specific proportion.
Therefore, we speculate that there may be some interactions
between SDS and PEG in the solution, resulting in the formation
of SDS−PEG clusters, which could act as a template to induce
the formation of spherical calcium carbonate. Based on the
conclusion suggested above, a possible mechanism for the
formation of a spherical crystal is proposed (Figure 12). First,
the polymer and surfactant particles could interact in the

solution, resulting in the formation of free micelles and
premicelles adsorbed on the polymers. When the concentration
of SDS is sufficient, it could form a spherical structure with PEG
in the solution, with its negative part exposed outside of the
sphere. However, it has been verified that the surface of calcite
crystals is usually positive, so the cubic calcite crystals approach
the SDS−PEG structure and finally aggregate into hollow
spheres. As the crystals continue growing, the hollows disappear
and spheres become solid. However, at relatively higher
temperatures, the calcite could transform into aragonite, along
with a variation in the morphology, leading to the collapse of the
spherical aggregates of crystals.

Figure 9. FTIR spectra of (a) CaCO3−PEG−SDS, (b) CaCO3-PEG, (c) CaCO3 calcite, and (d) SDS at 40 °C.

Figure 10. Variation of the conductivity with SDS concentration in the presence of 25 g/L PEG at 40 °C.
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4. CONCLUSIONS
In summary, calcite CaCO3 microspheres were successfully
synthesized in the PEG−SDS system, and the morphology,
aggregation state, and polymorphic form of calcium carbonate at
different temperatures and SDS concentrations were described.
The results showed that PEG and SDS could interact to form a
spherical structure with negative surfaces, which could serve as a
template in the aggregation process of calcium carbonate.
Meanwhile, the surface of calcite crystals was verified as positive
in a neutral solution, so the calcite crystals were attracted by the
negatively charged PEG−SDS structures and aggregated into
calcite hollow microspheres.
Compared with the vaterite reported in the previous

literature, the spherical calcium carbonate we prepared in this
study has a relatively larger crystal size (8−10 vs 0.05−5 μm) as
well as better stability (at least 30 days vs 25 h at most; Table
2).34,35 Therefore, the spherical calcium carbonate we prepared
in this study may have more advantages in applications such as

drug carriers, in the paper industry, or as adsorbents in the water
treatment industry, which always requires long-term storage of
the products.
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Figure 11. Relationship between the ζ potential of calcite and pH.
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