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A series of inverse-microemulsion quasi-ternary system phase diagrams of CTAB + n-butanol + n-hexane + brine (MgCl2/CaCl2) is
systematically drawn by adjusting the ratio of MgCl2 and CaCl2. On this basis, a microemulsion has been prepared with five different
molar ratios of magnesium ions to calcium ions, and a calcium carbonate and magnesium carbonate coprecipitation product is obtained by
reaction with an equimolar amount of sodium carbonate. The samples were characterised by scanning electron microscopy (SEM), a
Fourier transform infrared (FTIR) spectrometer and X-ray diffraction (XRD). The SEM photographs indicated that when the content of
Ca2+ was higher, some large fusiform aggregates of coprecipitation particles were formed in solution, but with the content of Mg2+

increased gradually, they eventually formed small and uniform sphere particles. The measurement results of XRD and FTIR indicated that
the crystal structures of calcium carbonate in coprecipitation changed gradually from vaterite into aragonite and finally turned into being
amorphous with the increasing of the proportion of magnesium ions.
1. Introduction: Calcium carbonate is the main substance in
limestone which has numerous uses: as a building material, as
aggregate for the base of roads, as white pigment or filler in
products such as toothpaste or paints, and as a chemical feedstock.
Calcium carbonate also abounds in biological fields [1, 2], and is
the main component of coral, mollusks, exoskeletons and many
crustaceans. Usually, there are various forms of calcium carbonate,
three common anhydrous crystallines are calcite, aragonite and
vaterite. In addition, six hydrated calcium carbonate, hydrated
calcium carbonate and amorphous forms rarely exist in nature
because of their thermodynamic instability which is often used as
intermediate reactions. The amorphousness is very special, and can
be divided into two types: stable amorphous calcium carbonate and
the unstable amorphous calcium carbonate [3]. They play a very
important role in the organism and crystallisation behaviour. As a
non-crystal the former is stable in the organism, whereas the latter
is the precursor of forming calcite and aragonite.

Magnesium carbonate is a kind of important magnesium inorganic
chemical product. It is mainly used as an industrial intermediate
material, calcining the precursor for the preparation of high-purity
magnesite clinker or magnesium oxide. Magnesium carbonate
whisker as a kind of typical functional product of magnesium carbon-
ate, is a single crystal of hydrated magnesium carbonate, containing
less defects, having less impurity and its strength is close to the ideal
crystals. It can be used as the composite filler, such as used in plas-
tics, rubber, paint and printing ink, and exhibits excellent physical
and chemical properties and excellent mechanical properties.

The microemulsion method is an effective process for the prep-
aration of nanoparticles which has been developed in recent
years. As early as 1959, the term microemulsion was proposed by
Schulman et al. [4]. The microemulsion method is widely used as
a template for the preparation of nanomaterials because of its
simple operation, it does not need to be calcined at high-
temperature, it does not need special equipment and the size can
be adjusted by changing its composition and so on.
Microemulsion medium used as the preparation method of nanoma-
terials has been widely used in the preparation of composite catalyst
and other semiconductors [5, 6], superconductors [7], magnetic
nanoparticles [8, 9] and so on. Owing to the different compositions
302
& The Institution of Engineering and Technology 2014
having different stable ranges of the microemulsion system, it is
necessary to study the stability region of the microemulsion
system for the preparation of nanoparticles.

In nature and biology, we can see the coexistence of magnesium
carbonate and calcium carbonate, with many containing magnesium
from levels of a few per cent up to 44% [10–12]. Some studies indi-
cated that Mg2+ played an important part in the biomimetic mineral-
isation process of CaCO3 [13, 14]. Studies have also shown that
Mg2+ ions can significantly change the morphology of calcium car-
bonate crystals, which played an extremely important role in the
formation of calcium carbonate aragonite [15–22]. For example,
they can affect the metabolism of bone tissue by affecting the secre-
tion of thyroid hormone synthesis, and the regulation of calcium in
the bones inside and outside activities. Magnesium deficiency is the
most common manifestation of premature aging of bones, osteopor-
osis and soft tissue calcification. Because the formation and growth
of bone is completed in organisms which is a relatively closed
system, and has some similarities to the formation of calcium car-
bonate in the oil-in-water microemulsion, we therefore study the
effect of Mg2+ in microemulsion on calcium carbonate morphology
to explore the effect mechanism of Mg2+ on the formation of
calcium carbonate in a closed system.

In the work reported in this Letter, we studied systematically the
microemulsion region of the quasi-ternary system phase diagram of
hexadecyl trimethyl ammonium bromide (CTAB)/n-butanol/n-hexane/
brine (MgCl2/CaCl2) system and obtained different morphologies
and crystal structures of the product by adjusting the proportion of
calcium ions to magnesium ions. On this basis, we found Mg2+

has an important influence on the shape and appearance of calcium
carbonate in microemulsion. These results can help us to understand
the effect mechanism of Mg2+ on the formation of calcium carbonate
and the synthesising of special and new functional materials.

2. Experimental material and methods
2.1. Reagent and instrument: Hexadecyl trimethyl ammonium
bromide (C16H33N (CH3)3Br, referred to as CTAB), is a kind of
cationic surfactant, as received (AR); n-butyl alcohol (n-C4H9OH)
is used as a surface active agent, AR; hexane (n-C6H14) is used
as the oil phase, AR; anhydrous calcium chloride, magnesium
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Table 1 Composition of phase formation point and phase vanishing point

MgCl2 Phase formation point Phase vanishing point

ms mo ma ms mo ma

10 0 1.4555 10 0 5.6514
9 1 1.1686 9 1 4.0576
8 2 0.9582 8 2 3.1689
7 3 0.8024 7 3 2.5543
6 4 0.6011 6 4 2.0202
5 5 0.5092 5 5 1.4649
4 6 0.4757 4 6 1.0792
3 7 0.3425 3 7 0.8946
2 8 0.2863 2 8 0.7194
1 9 0.2358 1 9 0.5686
0 10 0 0 10 —

CaCl2
10 0 1.1175 10 0 5.0833
9 1 0.9841 9 1 3.638
8 2 0.8916 8 2 2.932
7 3 0.567 7 3 2.1777
6 4 0.5533 6 4 1.9295
5 5 0.4172 5 5 1.5107
4 6 0.386 4 6 1.2109
3 7 0.3262 3 7 1.0207
2 8 0.2694 2 8 0.7445
1 9 0.1733 1 9 0.7536
0 10 0 0 10 —

By which the quasi-ternary system phase diagrams of microemulsion
region with 1 mol/l magnesium chloride and 1 mol/l calcium chloride
aqueous solution was drawn, respectively
chloride hexahydrate, AR; sodium carbonate AR; and
double-distilled water, were also used.
The morphology was analysed by scanning electron microscopy

(SEM) (JSM-6701F, JEOL Ltd, Japan).
The samples (in proportions of 1% in KBr powder) were pre-

pared and recorded with a Fourier transform infrared (FTIR) spec-
trometer Shimabzu-IR Prestige-21 between 4000 and 400 cm−1with
a resolution of 2 cm−1.
The X-ray diffraction (XRD) data were measured by using

XRD-7000LX (Shimadzu, Japan). The XRD data were recorded
over the 2θ range of 0°–60° with a step size of 0.002°.
Identification of phases was carried out by comparing the diffrac-
tion patterns with the standard PDF cards.
Figure 1 Quasi-ternary system inverse-microemulsion region phase diagram of C
a 1 mol/l magnesium chloride aqueous solution
b 1 mol/l calcium chloride aqueous solution
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2.2. Microemulsion quasi-ternary system phase diagram drawing:
CTAB and n-butanol mixed at the mass ratio of 1:2 were treated
as one component, and a series of quasi-two-component systems
by mixing with the n-hexane at different accurate mass ratios
(0:10, 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1 and 10:0) were
added into a 50 ml conical flask with a cover. The total mass of
each mixed sample is approximately 10 g and all samples were
stored in a thermostatic water bath at 25 ± 1°C for 2 h.

The 1.0 M aqueous solution of MgCl2 and a 1.0 M aqueous
solution of CaCl2 were prepared, then the MgCl2/CaCl2 mixed
aqueous solution at different molar ratios of 1:3, 1:2, 1:1, 2:1 and
3:1 with the total concentration of 1 M were prepared. MgCl2/
CaCl2 aqueous solutions with different proportions were added
slowly by dropping them into the CTAB/n-butanol + n-hexane
quasi-two-component system phase transition points have been
determined through visual observation. When the system changes
from turbid to clear, the microemulsion phase formation point can
be determined, we then continued to add more MgCl2/CaCl2
aqueous solution, until the system changed from clear to turbid;
the microemulsion vanishing point can then be determined. After
each change of the system, we waited at least 2 h for the system
to establish a new equilibrium before the new data were taken.
We found that when the system was close to the phase point, the
time for the equilibrium was longer than 1 h. The compositions
of the phase transformation point were determined by measuring
the amount of water added for each system at 25 ± 1°C. The micro-
emulsion phase formation point and the microemulsion phase van-
ishing point with 1 mol/l magnesium chloride and 1 mol/l calcium
chloride aqueous solution are listed in Table 1, by which the quasi-
ternary system phase diagrams of CTAB/n-butanol + n-hexane +
brine (CaCl2 and MgCl2) drawn by Origin software are shown in
Fig. 1. From Figs. 1a and b, we can see that the microemulsion
region phase diagram of CaCl2 and MgCl2 are very similar, and
both CaCl2 and MgCl2 have a large area of microemulsion, since
both MgCl2 and CaCl2 have a strong ability to combine with water.

At the same time, we also draw quasi-ternary system phase dia-
grams of CTAB/n-butanol + n-hexane + brine (CaCl2 +MgCl2)
with different proportions of MgCl2/CaCl2; the data are listed in
Table 2 and as shown in Fig. 2. Different proportions of the
MgCl2/CaCl2, CTAB, n-butanol and n-hexane microemulsion
systems also have similar microemulsion phase diagrams. We
calculated the microemulsion region area of the MgCl2/CaCl2
mixed aqueous solution at different mass ratios by using
Image-Pro Plus software, and we found the areas fluctuated
within a range of 14 000–17 000 with similar graphical shapes,
see Fig. 3. These microemulsion region phase diagrams provide a
TAB+ n-butanol + n-hexane + brine (MgCl2/CaCl2)
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Table 2 Composition of phase formation point and phase vanishing point

Mg2+:Ca2+ Phase formation point Phase vanishing point

ms mo ma ms mo ma

1:3 10 0 1.3699 10 0 4.5874
9 1 0.9510 9 1 3.6273
8 2 0.6664 8 2 2.6573
7 3 0.5553 7 3 2.1552
6 4 0.3272 6 4 1.8037
5 5 0.3091 5 5 1.4219
4 6 0.2524 4 6 1.0693
3 7 0.2163 3 7 0.9635
2 8 0.1663 2 8 0.7260
1 9 0.1026 1 9 0.5764
0 10 0 0 10 —

1:2 10 0 1.1154 10 0 4.2022
9 1 0.9148 9 1 3.4034
8 2 0.5776 8 2 2.4726
7 3 0.5199 7 3 2.1293
6 4 0.3198 6 4 1.7504
5 5 0.2764 5 5 1.3855
4 6 0.2480 4 6 1.0239
3 7 0.1975 3 7 0.8678
2 8 0.1561 2 8 0.6834
1 9 0.0827 1 9 0.5689
0 10 0 0 10 —

1:1 10 0 0.9714 10 0 4.0760
9 1 0.7089 9 1 2.8549
8 2 0.4654 8 2 2.3968
7 3 0.3681 7 3 1.9321
6 4 0.3158 6 4 1.4346
5 5 0.2705 5 5 1.1814
4 6 0.2054 4 6 0.9156
3 7 0.1741 3 7 0.7397
2 8 0.1396 2 8 0.6171
1 9 0.0787 1 9 0.3369
0 10 0 0 10 —

2:1 10 0 1.3696 10 0 5.5550
9 1 0.9326 9 1 3.9341
8 2 0.8082 8 2 3.0416
7 3 0.5765 7 3 2.1256
6 4 0.4246 6 4 1.8118
5 5 0.3856 5 5 1.3575
4 6 0.2992 4 6 1.0577
3 7 0.2562 3 7 0.9111
2 8 0.1789 2 8 0.7214
1 9 0.1029 1 9 0.5485
0 10 0 0 10 —

3:1 10 0 1.2768 10 0 5.6178
9 1 1.0430 9 1 3.9723
8 2 0.7411 8 2 3.0039
7 3 0.5955 7 3 2.4205
6 4 0.4285 6 4 1.9124
5 5 0.4853 5 5 1.4032
4 6 0.3149 4 6 0.9599
3 7 0.2913 3 7 0.8883
2 8 0.2250 2 8 0.6730
1 9 0.1329 1 9 0.5165
0 10 0 0 10 —

By which the quasi-ternary system phase diagrams of microemulsion
region with different Mg2+/Ca2+ ratio were drawn.
ms represents surfactant CTAB and cosurfactant n-butanol, in which their
mass ratio is 1:2; mo represents the mass of n-hexane; and ma represents the
mass of magnesium chloride and calcium chloride mixed aqueous solution

Figure 2 Quasi-ternary system inverse-microemulsion region phase
diagram of CTAB + n-butanol + n-hexane + brine (MgCl2/CaCl2) with dif-
ferent mass ratios of MgCl2 and CaCl2
Different symbols represent different mass ratios of magnesium chloride to
calcium chloride, filled star – 1:3, filled square – 1:2, open circle – 1:1, filled
diamond – 2:1 and filled circle – 3:1

Figure 3 Relative area of inverse-microemulsion region of the quasi-
ternary system inverse-microemulsion region phase diagram of CTAB +
n-butanol + n-hexane + brine (MgCl2/CaCl2) with different mass ratio of
MgCl2 and CaCl2
a Ca2+, b 1:3, c 1:2, d 1:1, e 2:1, f 3:1, g Mg2+
theoretical guidance for the preparation of the reverse microemul-
sions and the preparation of nanoparticles with controllable size
and morphology.
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2.3. Nanometre calcium carbonate preparation: In the experimental
process, a mixed solution was prepared by the dissolving of CTAB
and n-butylalcohol at the mass ratio of 1:2, then mixed with
n-hexane at the mass ratio of 5:5 in a 50 ml conical flask. After
about 30 min of dissolving, a 1.0 M MgCl2/CaCl2 mixture
aqueous solution with different molar proportions of 3:1, 2:1, 1:1,
1:2 and 1:3 was added.

CaCO3 and MgCO3 were crystallised via a reaction between an
equimolar Na2CO3 aqueous solution and a CaCl2/MgCl2 microemul-
sion solution. The reactant solutions were mixed in a reactor with a
stirring rate that was fixed at 700 rpm. All the experimental studies
were performed at a 25 ± 1° temperature. Normally, the crystallisa-
tion was finished after the reactants were mixed for 1 h. The suspen-
sion was aged for about 12 h, and purified by centrifugation (at a rate
of 15 000 rpm). The suspension was centrifuged twice to ensure that
the particles were well purified. Ethanol was used to wash the centri-
fuged particles twice. Finally, the samples were completely dried at a
temperature of 60°C under atmospheric conditions.
3. Results and discussion: The FTIR spectra of calcium carbonate
were mainly FTIR absorption peaks of CO3

2− which were divided
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into four regions at around ν1 ∼1080 cm–1, ν3 ∼1450 cm–1; ν2
∼870 cm–1 and ν4 ∼700 cm–1; an among these ν2 was an in-plane
bending vibration absorption peak and ν4 was an out-plane
bending vibration absorption peak. Different forms of calcium
carbonate have different characteristic absorption peaks as
follows: calcite, ∼875 and ∼713 cm–1; aragonite, ∼856, ∼713
and ∼700 cm–1 (weak); vaterite, 875 and 745 cm–1. Owing to the
disorderly absorption peak structure, amorphous calcium
carbonate appears at ∼860 cm–1 with the absorption peak width
increasing obviously [23, 24]. Hence, FTIR spectroscopy is an
effective tool for characterising amorphous calcium carbonate and
monitoring its transformation, and the difference of calcium
carbonate can be distinguished by using the infrared absorption
peak position that appeared.
Figs. 4a and b show that the characteristic absorption peaks

occurred at 875, 856, 745, 712 and 700 cm–1 (weak) which indi-
cate that the product is a mixture of calcite and aragonite and
vaterite. Fig. 4c shows that the characteristic absorption peaks
occurred at 875, 856, 713 and 700 cm–1 (weak) which indicate
that the product is a mixture of calcite and aragonite. Figs. 4d
and e show that there are broad and strong absorption peaks at
860 cm–1, no absorption at 713 or 745 cm–1 which also show
that the calcium carbonate particle are amorphous calcium car-
bonate [25, 26]. We found that with the proportion of magnesium
ions enhanced, the content of aragonite increased gradually,
whereas the content of calcite decreased in the product.
Fig. 5 shows SEM and XRD images of coprecipitation particles

depending on reverse micelle systems with different Mg2+/Ca2+

proportions. Through observation of the five groups of the
SEM data, we can see that the coprecipitation particles were pre-
pared. It can be found that with the change of the proportion of
magnesium ions to calcium ions, the morphology and size of
calcium carbonate will be changed, and the size of the particles
decrease with the increase of the proportion of magnesium ions
to calcium ions. When Mg2+ to Ca2+ have a ratio of 1:3, the
spindle and shell calcium carbonate particles mainly formed,
with the proportion of magnesium ions to calcium ions enhanced
to 2:1, the spindle and shell particles decrease and the spherical
particles increase. Finally, with the proportion of magnesium
ions to calcium ions enhanced to 3:1, the spindle and shell parti-
cles disappeared and all of the spherical particle are obtained.
After an abortive observation, we found that the spindle and
shell particles are also aggregates of small particles which were
about 10–100 nm. The coprecipitation of calcium carbonate and
Mg5(CO3)4(OH)2†4H2O were prepared by the microemulsion of
a mixture of CaCl2 and MgCl2. Our previous research has
shown that selecting suitable ω0 values can result in the formation
Figure 5 SEM and XRD images of coprecipitation particles depending on
reverse micelle systems with different Mg2+/Ca2+ ratios
a, f 1:3
b, g 1:2
c, h 1:1
d, i 2:1
e, j 3:1

Figure 4 Infrared spectra of coprecipitation particles depending on reverse
micelle systems with different Mg2+/Ca2+ ratios
a 1:3, b 1:2, c 1:1, d 2:1, e 3:1
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of unique spherical nanoparticles, ω0 is the mole ratio of water-
to-surfactant content ([H2O]/[surfactant]) [27]. All the microemul-
sions were prepared at a ω0 value of 9.0–9.2, the theoretical cal-
culated values of Rm (the radius of the droplet) at these ω0 were
calculated according to Kang et al. [28] and were about 13 nm.
Hence, the experimental results of 10–100 nm are also basically
consistent with the calculation results of 13 nm.

What causes the formed spherical aggregates to gradually in-
crease when the Ca2+/Mg2+ ratio increased? The authors think it
could be because of the influence of MgCO3 in CaCO3, and also
305
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Table 3 Molar ratio of Mg2+ and Ca2+ in the microemulsion and the
product

Mg2+: Ca2+

microemulsion 1:3 1:2 1:1 2:1 3:1
product 1:4.295 1:2.432 1:1.541 1.988:1 2.545:1
can be explained by the MgCO3 lattice energy and other relevant
physicochemical properties [29, 30]. Although the lattice energy
of MgCO3 crystal is larger than calcium carbonate crystal, the hy-
dration of magnesium ions is much larger than calcium ions [31],
thus making the bonding force between Ca2+ larger than the
bonding force between Mg2+ in an aqueous solution (under the con-
dition of surfactant existing). Therefore, when the content of Ca2+ is
higher, because of the larger interactions between the calcium ions
in the lattice, it is easier to form some fusiform macroaggregate in
the solution, but with the content of Ca2+ gradually decreased, the
Mg2+ content increased, and because of the weak interactions
between the magnesium ions, it is easier to form uniform dispersed
spherical particles.

In addition, we measured the relative content of Mg2+ and Ca2+

in the product by EDS experiment, and the results are shown in
Table 3. We found that the molar proportion of magnesium ions
to calcium ions in the product is lower than in the microemulsion.
This may be because the solubility of Mg2+ is larger than that of
Ca2+ in an aqueous solution.

The physical and chemical structures of the coprecipitation par-
ticles were further analysed by XRD. XRD patterns of calcium car-
bonate in different concentrations of the Mg2+ systems are also
displayed in Figs. 5f–j. The presence of three crystalline poly-
morphs are indicated, which are aragonite, vaterite and calcite.
The diffraction peaks found at 2θ of 26.21°, 33.13°, 36.17°,
37.89°, 42.85°, 45.85° and 52.45°, and are distributed to the
(111), (012), (206), (112), (221) and (113) plane diffractions of ara-
gonite crystals, respectively; the peaks found at 2θ of 20.99°,
24.90°, 27.06°, 32.78°, 43.84° and 50.08° are distributed to the
(004), (110), (112), (114), (300) and (118) plane diffractions of
vaterite crystals, respectively; whereas, the peaks located at 2θ of
29.4°, 35.8°, 42.1° and 48.6° are assigned to the (104), (110),
(202) and (116) plane diffractions of calcite crystals, respectively.
They are in good agreement with the reported values {JCPDF
Cards 47-1743 (calcite) and 33-0268 (vaterite)}.

In Fig. 5f, the (110) and (112) diffraction peaks of vaterite are the
strongest ones, demonstrating the vaterite is the main crystalline form
when Mg2+ to Ca2+ have a ratio of 1:3, when Mg2+ to Ca2+ have a
ratio of 1:2 and 1:1, the (111) and (012) diffraction peaks of aragonite
are the strongest ones, indicating the aragonite is the main crystalline
form but with a small amount of vaterite and magnesium calcite,
which are shown in Figs. 5g and h. When the molar proportion of
magnesium ions to calcium ions changes to 2:1 and 3:1, the co-
precipitation particles are mainly amorphous, which are shown in
Figs. 5i and j. They coincide well with the FTIR experimental results.

Hence, we found that when the proportion of magnesium ions to
calcium ions decreases, the relative diffraction peaks intensity ana-
lysis shows vaterite is less and less, and aragonite is more and more.
However, when the proportion of magnesium ions to calcium ions
increased to 2:1, the precipitation form becomes amorphous; after
comparing with JCPDF Card 47-1743 we also found there is
little calcite and magnesian calcite, which is probably because the
magnesian calcite is more soluble than pure calcite and has an
inhibitory effect on the formation of calcium carbonate calcite.
4. Conclusions: In this study, we systematically drew a series of
inverse-microemulsion quasi-ternary system phase diagrams of
CTAB + n-butanol + n-hexane + brine (MgCl2/CaCl2) by adjusting
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the ratio of MgCl2 and CaCl2, and calculated the microemulsion
region area of the MgCl2/CaCl2 mixed aqueous solution at
different mass ratios by using Image-Pro Plus software. We found
that they have similar graphical shapes and the areas fluctuated
within a range of 14 000–17 000. The coprecipitations were
prepared depending on reverse microemulsion; from the SEM
graph we found that as the Ca2+/Mg2+ ratio increased, the
formation of spherical aggregates gradually increased. When the
content of Ca2+ is higher, it is easier to form some fusiform
macroaggregate the solution because of the larger interactions
between the calcium ions in the lattice, but with the content of
Ca2+ gradually decreasing and Mg2+ increasing, it is easier to
form uniform dispersed spherical granules.

The FTIR spectra and XRD demonstrated that the vaterite is the
main crystalline form when Mg2+ to Ca2+ have a ratio of 1:3; when
Mg2+ to Ca2+ have ratios of 1:2 and 1:1, the aragonite is the main
crystalline form but there are small amounts of vaterite and magne-
sium calcite, and as the proportion of magnesium ions to calcium
ions change to 2:1 and 3:1, the coprecipitation particles are
mainly amorphous.
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