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ABSTRACT: The controlled growth of calcium carbonate microcrystals is essential for their use in
various industries such as construction, plastics, and textiles, where specific mineral forms and
morphologies are required. A common method to achieve desired morphologies involves the use of
surfactants to encapsulate calcium salts in a microemulsion environment (for instance, water in oil) to
facilitate the growth of the microcrystals. In our work, we employed a system comprising octyl phenol
ether-10 as the surfactant and n-heptanol as the co-surfactant. This mixing approach effectively fine-
tuned the shape formation of vaterite calcium carbonate microcrystals. The study emphasizes the
crucial role of surfactant and cosurfactant ratios in oil-in-water inverse emulsions for the generation of
microparticles in diverse shapes. It was found that a higher ratio of octyl phenol ether-10 to n-
heptanol (4:1) results in the formation of needle-shaped vaterite microparticles, whereas a lower ratio

(1:1) leads to coral-shaped structures, together with a variety of shapes observed at intermediate
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ratios. Theoretical calculations, based on improved critical packing parameter theory, were conducted
to shed light on the mechanisms behind these morphological variations. This method opened new
avenues in mineral crystal growth and surface engineering.

Keywords: coral-like, calcium carbonate, inverse microemulsion, improved critical packing

parameters theory

1. Introduction

Calcium carbonate (CaCOs), widely abundant in nature,! 2

is a key component of
biomineralization.*®) This resource exists in six polymorphic forms: the amorphous structure,
hydrated crystalline phases like hexahydrate ikaite and monohydrocalcite, and anhydrous crystals
including vaterite, aragonite, and calcite.””) For instance, vaterite, a metastable hexagonal crystalline
structure often found in spherulitic or disc-like forms, serves as a precursor to calcite and aragonite.!'”
Calcite, in contrast, is the most stable form of CaCO;.['!! Beyond varying crystal packing, calcium
carbonate particles also exhibit diverse morphologies such as cubic, needle, chain, spindle, and
spherical shapes. The physical properties and specific applications of these particles are heavily
influenced by their distinct shapes. Widely utilized in industries like rubber,'> *! plastics,!'l ink

s, 17 and papermaking.!"® As examples, CaCOj; particles in cube shape are

production,!'> coating
desirable in industries as papermaking and paint making. As a reinforcing material, the cubic calcite
particles may yield high smoothness and excellent gloss to the composite since they are easily aligned
in a regular way. They may also yield high electric insulation and elasticity modulus to the
composite.”! Needle-shaped particles offer a significant advantage by providing a high aspect ratio,
which enhances the bending and impact strength of plastics and rubber materials. In particular,
aragonite whiskers have proven to be superior to calcite as fillers in polyvinyl or polypropylene
composites. The incorporation of aragonite whiskers into these composites results in improved tensile
strength, impact strength, glass transition temperature, and decomposition temperature.!'*! To ensure
optimal compatibility between the aragonite whiskers and the rubber matrix, surface alteration

techniques are employed. This surface modification enhances various properties, including the pyane

effect, storage modulus, and overall physical characteristics of the composites.?”! Spherical calcium



carbonate particles possess excellent dispersibility and abrasion resistance, where they can improve
viscosity, stability, and drying speed.*!3! Additionally, due to their unique properties, such as high
surface area and chemical stability, spherical nano-sized calcium carbonate particles are utilized in the
fields of drug delivery, ceramics and orthopedic.l**2%! Recognizing that the size and shape of CaCO;
crystals are key determinants of their properties and applications, substantial research efforts are
dedicated to developing reliable methods for controlling the morphology and size of CaCO;
microparticles.?”3

Emulsions, frequently used to encapsulate organic compounds in solutions, typically comprise at
least two immiscible liquids, such as oil and water. In these systems, one liquid is dispersed as tiny
droplets within the other.®!! Depending on which phase (oil or water) is dispersed, emulsions are
classified as oil-in-water (O/W)B? or water-in-oil (W/0).*3] Additionally, there are complex multiple
emulsions, like oil-in-water-in-oil (O/W/O) or water-in-oil-in-water (W/O/W) emulsions.’* 331 To
stabilize these mixtures, emulsifiers are added, creating a kinetically stable system.% The formation,
stability, and properties of these emulsions depend heavily on the characteristics of the oil phase (such
as polarity, water solubility, viscosity, density) and the nature and concentration of components in the
aqueous phase.’”! In this context, the choice of surfactant for use as an emulsifier is of paramount
importance. Microemulsions, sometimes also referred to as nanoemulsions,*®! are thermodynamically
stable and isotropic transparent emulsions with droplet diameter of 20 to 200 nm. They are
heterogeneous dispersions of two immiscible phases of oil and water, and can be stabilized by
interfacial layer of surfactants and cosurfactants. Today, with the development of various intelligent

1% the microemulsion method is a commonly employed technique for producing

composite materials,
nano or micro particles.*®*! In the realm of W/O microemulsions, commonly referred to as inverse
microemulsions, small hydrophilic droplets, often termed “water pools™, are encapsulated within a
monolayer of emulsifiers consisting of surfactants and co-surfactants. The size of these pools can be
easily regulated by adjusting the molar ratio of surfactant to water.*”) This approach facilitates the
creation of CaCQOjs particles in a variety of size through a simple process that eliminates the need for
high-temperature calcination and allows for size customization.[*] However, despite considerable

research efforts, the control of polymorphism in CaCO; still largely depends on empirical methods.*¥
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It is still a difficult task for controlling the shape and morphology of micro and nano particles.

In our study, we used an innovative inverse microemulsion system, employing a binary system of
surfactant (polyoxyethylene octyl phenol ether-10, OP-10) and cosurfactant (n-heptanol), to fabricate
CaCOs microparticles. Water-in-oil (W/O) inverse microemulsion systems were used rather than oil-
in-water (O/W) because the CaCO; precipitation reaction occurs in the aqueous phase, where Ca*" and
COs* ions are soluble and reactive. Inverse microemulsions provide nanometer-scale water pools
within the oil phase, offering a confined environment for controlled nucleation and growth. In contrast,
O/W systems lack this spatial control, leading to rapid aggregation and poorly defined morphologies.
Therefore, W/O microemulsions are more suitable for tailoring particle shape and size.

We discovered that while OP-10 is the principal surfactant for inverse emulsion, it could not
easily form suitable inverse microemulsions for generating CaCOj; particles. However, both OP-10
and n-heptanol exhibit excellent solubility in mixed solvents, effectively facilitating the formation of
microemulsions, then to form CaCOj3; microparticles. The ratio of surfactant to cosurfactant was found
to be crucial in producing a diverse range of shapes, from rods to coral-like structures. To decipher the
mechanism behind this, the influence of the cosurfactant on micelle geometry was explored by
improving critical packing parameters theory. This theory elucidated how the distribution of
cosurfactant and surfactant molecules at the oil-water interface could modify the micellar geometry,
thus influencing the shape of the initial CaCOs nanoparticles and, consequently, the microparticles'
final form. Among the various shapes, the coral-like microparticles, with their large relative surface
area, were identified as candidates for practical applications in hydrophobic surface coatings. As a
demonstration, these coral-like particles were modified with stearic acid and subjected to surface
contact angle testing to evaluate their hydrophobicity. The results showed excellent hydrophobic
properties, akin to the natural surface of a lotus leaf, when compared to similarly modified cubic-

shaped microparticles.
2. Experimental section
2.1. Materials

Chemicals used in this study were purchased from different sources: CaCl, and ammonia were
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supplied by Tianjin Damao Chemical Factory, China. Polyoxyethylene octyl phenol ether-10 (OP-10)
and cyclohexane were provided by Shandong Shuangshuang Chemical Factory, China. n-Heptanol
was purchased from Shanghai Rhawn Chemical Technology Co., Ltd, China. All these chemicals

were analytical grade and used without further purification. Water was distilled prior to use.

2.2. Equipment and characterization

The size and morphology of the obtained CaCO; microparticle samples were analyzed by
scanning electron microscopy (SEM; JISM-6100, JEOL Ltd, Japan; Quanta 650, FEG, FEI, America).
Infrared spectroscopy was recorded by a Fourier transform infrared spectrometer (FTIR; EXUS-470,
Nicolet, Japan). The crystal structure types were analyzed by powder X-ray diffraction (XRD; RINT-
1000, Rigaku, Japan). The stability of CaCOs microparticles was studied by thermogravimetric
analysis (TGA; TGASS, TA Instruments, America). Contact angle measurements of stearate coated
microparticles were made using a video optical contact angle tester (CA; OCA25, Eastern-Dataphy,
Germany). All the glassware and storage bottles were immersed in hydrochloric acid overnight, then
rinsed thoroughly with distilled water as a cleaning procedure prior to being used in all experiments.
2.3. Preparation methods

The method for preparing coral-like micro-CaCO3s comprised of the following steps: Calcium
chloride (5.5 g) was dissolved in 25% aqueous ammonia (7 mL) and diluted with water to give a final
volume of 100 mL. This aqueous solution, cyclohexane, n-heptanol, and OP-10 were combined to
prepare a stable inverse microemulsion. The volume ratio used of the surfactant, cosurfactant,
cyclohexane, and calcium chloride solution was 60mL: 60 mL: 200 mL: 16 mL. Here the volume
ratio between the surfactant and cosurfactant (S/CoS) used were 1:1. To ensure consistency, carbon
dioxide (CO,) gas was then bubbled into the microemulsion at a fixed flow rate of 300 mL/min
throughout all experiments. With the continuous penetration of CO», the microemulsion becomes
turbid overtime, indicating the beginning of precipitation. CO, was further introduced for an
additional 30 minutes under constant stirring to ensure sufficient reaction and complete particle
formation. During the precipitation, the solution was continuously stirred at a constant rate of 650

r/min at room temperature for 30 min, after which time the CaCOj particles were allowed to age for



24 h. The final precipitation was dispersed in ethanol and centrifuged at 3000 r/min for 5 min. Such a
process was repeated three times. After the last centrifugation, the particles were dried in the oven at
70 °C for 24 h. To examine the effect of the surfactant to cosurfactant (S/CoS) ratio, additional
samples were prepared using the same procedure, except the volume ratios of S/CoS were varied as
4:1, 3:1, and 2:1.

2.4. Contact angle measurements and surface modification of coral-like microparticles with stearic
acid

The surface modification method of coral-like microparticles and synthesis of cubic CaCO;
microparticles has been reported in our previous paper.*” In this work, a 0.5 M stearic acid solution
was diluted in n-hexane (10 mL) at 50 °C. Subsequently, coral-shaped CaCOs; microparticles (2.0 g)
were added to create a suspension, which was stirred for 30 minutes. The suspension was then dried at
70 °C to evaporate the n-hexane, yielding a final white powder. For contact angle measurements,
approximately 5 mg of this dried powder was coated onto a glass slide using double-sided tape.

To evaluate the potential of coral-like CaCO; microparticles as hydrophobic coating materials,
cubic CaCO; microparticles consisting of a mixture of calcite and vaterite with a relatively lower
surface area were similarly prepared for comparison. For this, OP-10 (1.1 mL) and ethanol (9 mL)
were mixed into a 50 ml 0.5M CaCl, solution in 25% aqueous ammonia. This mixture was stirred in
open air for 10 hours and then allowed to stand for 48 hours at room temperature. The treatment
process for preparing cubic-shaped CaCO; microparticles was analogous to that of the coral-like
microparticles. A film derived from the modified cubic-shaped CaCOs microparticles was also

prepared using the same method.

3. Results and discussion

3.1. Morphology



a) S/CoS =4:1

Figure 1. SEM images of CaCOj3; microparticles prepared under different S/CoS ratios (a: S/CoS=4:1,
b: S/CoS=3:1, c: S/CoS=2:1, d: S/CoS=1:1) where S is surfactant OP-10, and CoS is co-surfactant n-

heptanol.

Figure 1 highlights the SEM images of CaCOj; microparticles prepared by the inverse
microemulsion methodology. The morphology of CaCOs; microparticles change in a trend from long
rod (1a) to short rod (1b), then to ellipsoid (1c) and finally to spherical shape (1d) as the S/CoS
decreased. When the volume ratio of S/CoS was 4:1, rod-shaped CaCOs about 0.5 pm wide
and 10 pm long were obtained, Figure la shows their irregular aggregates. When S/CoS=3:1,
similar shorter rod-shaped CaCOj; particles were observed as shown in Figure 1b, which was about 0.5
pm wide but only 3 pm long. In contrast, when S/CoS=2:1, larger ellipsoidal shaped CaCOs particles
with a length of about 1~2 pm were obtained (Figure 1c). Finally, when S/CoS=1:1, coral-like CaCOs3

microparticles can be obtained, which can be seen in Figure 1d. The particles exhibited a spherical



morphology with a diameter of approximately 2 um. Their surface was adorned with numerous nano-
sized spheres, each measuring about 40-50 nm in diameter. By scanning this coral-like CaCO3 sample
(Figure 1d), very few hollow raspberry-like, and starfish-like CaCO; particles were found in using
electron microscopy (Figure 2). This is likely to be coral-shaped microparticles with defects, due to an
incomplete reaction or could it be that the CO, had been consumed prior to complete coral shaped

microparticles’ formation.

Figure 2. SEM images of a) raspberry-like CaCOs microparticles and b) starfish-like CaCO;

microparticles made in this study.
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Figure 3. The XRD patterns of CaCO; particles (a: S/CoS=4:1, b: S/CoS=3:1, c: S/CoS=2:1, d:

S/CoS=1:1).

3.2. Structure and crystal type determination using XRD, IR and TGA



At room temperature and atmosphere pressure, anhydrous calcium carbonate usually exists in the
form of amorphous, calcite and vaterite. These structural forms can be distinguished conveniently
using powder diffraction employing an X-ray source. To understand the structure and crystal type of
the prepared CaCOjs particle samples, XRD measurements were made on all the CaCO; microparticles
made in this study and the diffraction patterns can be seen in Figure 3(a-d). Upon comparison of these
diffraction patterns with all six known space groups, the data all match well with vaterite type crystal
packing. Specifically, the diffraction peaks of 20 at 20.87°, 24.82°, 26.96°, 32.67°, 43.77°, 48.99°,
49.98°, and 55.78° in Figure 3a correspond to (004), (110), (112), (114), (300), (304), (118), (224)
crystal planes of the vaterite CaCOs particles. Interestingly, all batches prepared in this study
displayed the same diffraction patterns, indicating that changing S/CoS ratio did not have an affect on
the crystal packing of these different shaped CaCO; microparticles, only the shapes of the

microparticles observed under SEM.
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Figure 4. The FTIR spectra of CaCOs particles (a: S/CoS=4:1, b: S/CoS=3:1, ¢: S/CoS=2:1, d:
S/CoS=1:1)

Figure 4 presents the infrared spectra of CaCO; microparticles synthesized at S/CoS ratios. In
this figure, the wavenumber range from 500 to 3500 cm™, covering all vibronic features characteristic
of all forms of CaCOQOs, was thoroughly examined. The spectra of all samples exhibit a broad peak at
1401 cm!, indicative of the asymmetric stretching vibration of the C-O bond, characteristic of CaCOs

particles. Additionally, the peak observed around 872 cm™ is likely due to the out-of-plane bending



vibration of the C-O bond. Notably, the distinct peak around 748 c¢cm is attributed to the C-O
asymmetric stretching vibration, a characteristic absorption peak unique to vaterite. These spectral
features corroborate that all CaCO; microparticles produced in this study are vateritic, aligning with
the findings from XRD measurements. In the spectra, additional weak features were observed at 2900
cm! and 2988 cm™!, attributed to O-H bond stretching vibrations. These features were notably present
in samples 4c and 4d, prepared with larger quantities of the co-surfactant n-heptanol, but absent in
samples 4a and 4b. This difference is likely due to the residual presence of n-heptanol or the
cosurfactant OP-10, which possesses a terminal alcohol group. In samples 4c and 4d, these substances
are likely trapped on the particle surfaces due to their high surface area, inhibiting their diffusion from
the nanoparticles. In contrast, with S/CoS ratios of 4:1 and 3:1, there is less adsorption of n-heptanol
and OP-10 on the CaCOs surfaces. However, when the S/CoS ratio is 2:1 or 1:1, the CaCOj; particles
exhibit better dispersibility and the presence of nano-sized particles on the microspheres' surfaces.
This results in the CaCOs particle surfaces being more heavily coated with surfactants and
cosurfactants.

Figure 5 presents the thermogravimetric (TG) analyses of four distinct CaCO3; microcomposite
materials. The observed weight loss can be categorized into two stages. The first stage, occurring
between room temperature (25 °C) and 620 °C, shows a weight loss rate ranging from 2% to 4%. This
stage is primarily due to the dehydration and carbonization of surfactants and cosurfactants adsorbed
on the CaCOj particle surfaces. Furthermore, it was observed that CaCOs microparticles prepared
with varying S/CoS ratios exhibited different weight losses during this stage. Specifically, a higher
S/CoS ratio, as seen in long needle CaCOs microparticles (S/CoS = 4:1), corresponded to lower
weight loss in the first stage (as detailed in Table 1). In contrast, lower S/CoS ratios, typical for coral-
like CaCOs microparticles (S/CoS = 1:1), led to more dispersed particles with smaller sizes, indicating
a higher coating of surfactants and cosurfactants. Consequently, during heating, a greater amount of
these substances carbonized, resulting in higher weight loss and a smaller quantity of residual calcium
oxide in this stage. Therefore, coral-like CaCOs particles with an S/CoS ratio of 1:1, characterized by

a relatively large surface area and extensive defects/cracks for improved dispersibility, were coated
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with the highest amount of surfactants and cosurfactants. This also aligned with the highest weight

loss rate observed, corroborating the findings from FTIR analyses.

Thermal decomposition of CaCO, microparticles into CaO and CO,
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Figure 5. The TG analyses of CaCOs samples (a: S/CoS=4:1, b: S/CoS=3:1, c: S/CoS=2:1, d:

S/CoS=1:1)

Table 1

% Weight losses of CaCOs particles made in this study.

S/CoS 4:1 3:1 2:1 1:1

Shape Long needle Short needle Elip-like Coral-like
25°C ~ 620°C 2% 2.6% 3% 3.6%
620°C~790 °C 42.7% 42.4% 42.3% 41.8%

The weight losses varied from 41.8~42.7% when the temperature was raised thereafter from 620 °C
to 790 °C. This could be attributed to the thermal decomposition of CaCOj into calcium oxide (CaO)
and loss of CO», escaping from the system.

3.3. Effect of S/CoS value on the shape of reverse micelle and improved critical packing parameter
theory

Experimental observations with varying S/CoS ratios suggest that the morphology of CaCO;

microparticles is influenced by the properties of reverse micelles formed in the microemulsion. The
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distribution of surfactant and cosurfactant molecules within these reverse micelles plays a significant
role in determining their associative properties. This concept aligns with the theory proposed by
Israelachvili ef al., which emphasizes the relative size of the cross-sectional areas of the hydrophilic
and hydrophobic groups of surfactants in solution. Understanding this balance is crucial for
comprehending how these molecular interactions impact the final morphology of the CaCO;
microparticles. Therefore, the critical packing parameters (P, a parameter that predicts the surfactant’s

self-assembly) can be used, and it was defined as:[*¢47]

e

where v is the effective volume of hydrocarbon chain, ay is the effective polar head group area
and /. is the fully extended length of a hydrocarbon chain. The aggregation shape of amphiphilic
molecules can be speculated according to the value of P. For example, when P = 1/3, only spherical
micelles exist in solution. If P = 1/2, aggregations with a rod-like shape are most likely formed. For
the value P=1, there is a balance between sizes of the head group and tail, which causes the surfactant
molecule forming lamellar micelle. When P =2, rod-shaped reverse micelles are formed, when P=3,

spherical reverse micelles exist in solution, as shown in the upper portion of Scheme 1.
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Scheme 1. Schematic diagram of the influence of n-heptanol on the P value of OP-10 molecule in
reverse micelle.

The critical packing parameter was used to predict the properties of the surfactant.*® 4! The
nanoscale supramolecular structures composed of surfactants have been used as templates for the

[50, 51

synthesis of inorganic materials,’*> 3! reaction field of nanoreactors,? modulation of wettability of

134 Although the reverse

biological interfaces,'** and enhanced oil recovery from heterogeneous rocks.
micelles were also considered in the critical packing parameter theory,“® the effect from the
cosurfactant was not considered. Therefore, we here supplemented the theory by to take into account
the addition of cosurfactants. Firstly, the magnitude of parameters v, /. and ao can be estimated directly
from quantum chemical calculations.3% 3¢ Secondly, the effect of cosurfactants inserted between the
surfactant in the micelles was considered. Therefore, density functional theory (DFT) calculations at
the B3LYP/6-31G (d, p) level were carried out to investigate surfactant and cosurfactant molecule
optimal geometric structure by Gaussian 16 software. The corresponding parameters of OP-10 are
v=0.37 nm®, [.=1.34 nm and ao= 0.178 nm? if no cosurfactant is present in the reverse micellular
system.

When n-heptanol was introduced as a cosurfactant, the molecules are distributed in the oil-water
interface layer and entered the wedge-shaped vacancy formed between OP-10, the hydroxyl group is
close to the polar group of the surfactant, and its alkyl chain lies between the tail hydrocarbon chains
of surfactants. These molecules assist on distribution and arrangement of surfactant molecules in the
oil-water interface membrane enhance the intermolecular interaction to form stable reverse micelles,
as shown in the lower part of Scheme 1. When n-heptanol molecules are inserted into the gap of OP-
10 like a wedge, the consequent effect is similar as an improvement of the effective volume and cross-
sectional area of the OP-10 hydrophobic tails. It also corresponded to changing the shape of surfactant
from cylinder to cone, and the P value of the packing parameter will change accordingly. After the
effects of cosurfactant were considered, the P values calculated are 1.79, 1.89, 2.04 and 2.54 when
S/CoS = 4:1, 3:1, 2:1 and 1:1, respectively (as shown in Table 2). The results indicated that with the
increase of cosurfactant, the P value increases correspondingly. This can hence be interpreted as the
lower the amount of cosurfactant, the reverse micelle is close to a rod in shape, and in the presence of
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more cosurfactant, the shape of the reverse micelle changes to a spherical shape.

The geometry of the reverse micelles (the shape of the micro reaction pool) will affect the final
shape of the CaCO; particles, making their morphology similar to the shape of the micro reaction pool.
Therefore, the shapes of reverse micelles change from lamellar to rod-like and then to spherical, the
morphology of CaCO; has also undergone a transformation from lamellar, long rod, short rod,

ellipsoid to spherical shape.

Table 2

The value of critical packing parameter under different S/CoS

S/CoS 1: 0 4:1 3:1 2:1 1:1
Shape n/a Long needle  Short needle Elip-like Coral-like
P 1.55 1.79 1.89 2.04 2.54

From the experimental data, when S/CoS=1:0 (without cosurfactant), microemulsion could not
be formed. When S/CoS<1, stable microemulsions can not be not easily formed, this is very likely due
to the overload of n-heptanol, excess alcohol molecules inserted in the surfactant molecules increase
the distance and weaken the force between the surfactant molecules, hence micelles cannot be formed.
Therefore, the maximum ratio of cosurfactant to surfactant should be 1:1.

29, 57

According to our previous research studies 1> 37, the size of the micro reaction pool in the

microemulsion R can be calculated according to the equation (2):

— 3(Mth+MalcValc)

R 2

AsMop-10
Where M, is the molar mass of water phase, Maic is the molar mass of n-heptanol dissolved in
water, V; is the volume of a water molecule, Vi is the volume of a n-heptanol molecule, As is the
cross-sectional area of surfactant OP-10, Mop.19 is the molar mass of OP-10.
When the volume ratio of the surfactant, cosurfactant, oil phase, and water phase is 15: 15: 50: 4,
which were the conditions used for the production of coral shaped microparticles, the radius of the

micro reaction pool was calculated, it is Ry=20.5 nm, therefore the diameter of the micro reaction

14



pool is Dn=41 nm. According to Figure 1, CaCOjs particles are relatively larger micron structure, but
the size of micelles calculated from the theoretical formulae should be nanometer scale. Therefore, a
microstructure particle formation mechanism is proposed in the next section.
3.4. Formation mechanism of coral-like microparticles and other particular shape microparticles

In Figure 1d, the coral-like CaCOs microparticles appear to be composed of small CaCOs
spherical nanoparticles. Upon measurement, the average size of these nanoparticles was found to be
approximately 45 nm, closely matching the 41 nm micro reaction pool size calculated using equation
(2). This observation suggests that the coral-shaped microparticles likely consist of spherical
aggregations of smaller spherical nanoparticles that conform to the calculated pool volume. We
propose that the formation of coral-like CaCOs microparticles begins with the introduction of carbon
dioxide gas, leading to the formation of CaCO; nanoparticles due to the buildup of COs* ions in the
pool. These CaCOs particles, being insoluble in water, grow in size within the pool until the surfactant
can no longer stabilize them, resulting in aggregation and the formation of larger microparticles. As
CO; continues to react with the surrounding micro reaction pools, more spherical-shaped
nanoparticles are formed, which subsequently self-organize into spherical aggregates. The mechanism
for this formation process is illustrated in Scheme 2. This mechanism can also explain the emergence
of alternative morphologies, such as hollow raspberry-shaped and starfish-like CaCOs particles, as
depicted in Figure 2. The hollow raspberry-shaped particles may arise from an incomplete chemical
reaction or possibly from the depletion of CO, before the full development of coral-shaped
microparticles. The starfish-like CaCOs particles appear to result from the structural collapse of some

hollow coral-like CaCOj particles.

Scheme 2. Schematic illustration of coral-like micron calcium carbonate formation.
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Scheme 3. Schematic illustration of micron calcium carbonate formation.

The formation mechanism for other shapes, such as ellipsoidal and rod-like CaCOs3 particles,
closely mirrors that of coral-shaped CaCOs particles. However, a key difference arises with the
increased ratio of surfactant to cosurfactant. This alteration causes the shape of the reverse micelles to
shift from spherical to elliptical and eventually to rod-shaped, especially at progressively lower
concentrations of n-heptanol. Within these evolving aqueous cavities (micelles), CO; reacts to form
elliptical or rod-shaped nano CaCO; particles. Under agitated conditions, these flowing nanoscale
particles then self-assemble, culminating in the formation of CaCO; microparticle aggregates of
varying shapes, as illustrated in Scheme 3. The final shape of these aggregates is dictated by the shape

of the micelles. So various experimental results were well explained by this formation mechanism.

It is important to emphasize that we have, for the first time, proposed and rationalized the
formation mechanism of CaCOs particles in the OP-10 + n-heptanol microemulsion system. This
mechanism provides a cogent explanation for the emergence of calcium carbonate particles with
varied morphologies under specific conditions. Our findings offer valuable insights for the preparation
of micro-nano materials within microemulsion systems. It is crucial to note that factors such as
stirring rate, CO, bubble size, and bubble penetration rate can influence particle formation differently

across various microemulsion systems. Therefore, it is possible that other systems may not yield
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identical results.
3.5. The hydrophobic properties of coral-like calcium carbonate

[58-60] The diverse

Nowadays, many different materials were prepared to meet different needs.
shapes of microparticles produced in this study have the potential for a wide range of applications.
Notably, the coral-like CaCOs synthesized, as depicted in the SEM image (Figure 1d), possesses a
micro-composite structure reminiscent of the surface composition of a lotus leaf. This similarity
makes it a promising candidate for coating hydrophobic surfaces. Previous research indicates that the
lotus leaf surface is adorned with hydrophobic nanostructures, as illustrated in Figure 6(a).[!-%! These
micro-composite structures lead to a reduced contact area and an increased contact angle between
water droplets and the lotus leaf surface, endowing the leaf with remarkable superhydrophobicity and
self-cleaning properties. Similarly, when micron-grade coral-like CaCOs; particles are evenly
distributed on a glass slide, they mimic the micron-sized papillae found on the lotus leaf surface.
Furthermore, the nanostructures on the surface of these coral-like CaCOj; particles closely resemble

the nano-protrusions of the lotus leaf papillae. Given these structural similarities, it is intriguing to

explore whether coral-like CaCO3 might emerge as a new type of superhydrophobic material.

Figure 6. a) SEM image of lotus leaf surface; b) coral-like micro CaCOj particles image by Jeol JSM
6100 Scanning electron microscopy; c¢) local enlarged image of b obtained by FEI Quanta 650FEG
scanning electron microscopy after ultrasonic cleaning in ethanol; d) structure sketch of lotus leaf

surface.
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To assess the potential of coral-like CaCO3s microparticles for hydrophobic applications, cubic
CaCO; microparticles were prepared based on reported procedure!! for a comparative contact angle
analysis. The water contact angles of both cubic and coral-like CaCO3 microparticles are presented in
Figure 7. The cubic CaCO; microparticles, analyzed via XRD, were found to consist of a mixture of
calcite and vaterite. In comparison, the contact angle for the cubic CaCOs particles was measured at
51.6°, whereas the coral-like CaCO3 sample exhibited a higher angle of 76.3°, consistent with our
previous measurements. This indicates that, although the large surface area of the microparticles was
coated with surfactants, the hydrophobic effect exhibited was limited. Therefore, to enhance their
hydrophobic properties, both coral-like and cubic CaCOs particles were further modified with stearic
acid. This modification aimed to optimize their hydrophobicity and improve their suitability for water-
repellent applications. After surface modification, both coral-like and cubic CaCOs particles were
coated onto glass slides. The contact angle measurements revealed that the modified cubic CaCO;
particles exhibited a contact angle of 127.1°, as shown in Figure 7c. In contrast, the coral-like CaCO3
microparticles displayed a higher contact angle of 137.3°, as depicted in Figure 7d. The contact angles
of CaCOs coating before and after stearic acid modification were listed in Table 3. This finding
indicates that the coral-like CaCO3s microparticles possess superior hydrophobic properties compared
to their cubic counterparts, both before and after surface modification with steric acid. The enhanced
hydrophobicity of the coral-like particles can be attributed to their larger surface area, which allows
for greater accommodation of stearic acid. These results are in line with our theoretical model and

corroborate observations from previous research.
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a 51.6°t£0.77° b 76.3°+0.72°

lAfter coated with stearic acidl

¢ 127.1°+0.76° d 137.3°+0.85°

Figure 7. Contact angle images of water droplets on different morphology CaCOs particles coatings. a)
cubic CaCO; microparticles; b) coral-like CaCOs microparticles; ¢) cubic CaCO; microparticles

modified by stearic acid; d) coral-like CaCO3 microparticles modified by stearic acid.

Table 3

Contact angles of CaCOj; coating before and after stearic acid modification.

Before Modifier After
coral-like calcium carbonate 76.3°+0.72° stearic acid 137.3°+0.9°
cubic calcium carbonate 51.6°+0.77° stearic acid 127.1°+0.8°

4. Conclusion

In this research, diverse morphologies of CaCO; microparticles were prepared by adjusting the
volumetric ratio between surfactant and cosurfactant (S/CoS) in an inverse microemulsion. It was
observed that this ratio significantly influences the final morphology and size of the CaCOs
microparticles. To decipher the formation process, the critical packing parameters theory was

employed and further developed for this microemulsion system. Our proposed mechanism suggests
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that reverse micelles, varying in S/CoS ratios, initially react with CO, bubbles to form CaCOs3
nanoparticles of different shapes, which subsequently self-assemble into microparticles with varied
morphologies. Future studies aim to utilize cryoelectron microscopy to confirm this nano-to-
microparticle growth process. In a practical demonstration, coral-like CaCO; microparticles were
modified with stearic acid and then deposited onto a glass slide. This modification markedly improved
the contact angle, endowing the surface with properties similar to the microdomains of a lotus leaf and
exhibiting exceptional hydrophobic characteristics. These findings open avenues for a variety of
surface coating applications. For example, modified microparticles can be used for surface protection,
emulating the water-repellent qualities of a lotus leaf. Covering a surface with these microparticles
could create a pattern of water-repelling features, akin to the lotus leaf's microstructure. Another
promising application is the deposition of these microparticles onto metal surfaces, followed by a
stearic acid wash. This technique could form a protective hydrophobic layer, effectively guarding the
metal against corrosion. Such strategies not only promise to enhance the durability of metal surfaces
but also capitalize on the unique characteristics of these microparticles for innovative material
coatings.
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