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Aqueous Foams as Templates for the Synthesis of Calcite
Crystal Assemblies of Spherical Morphology
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The crystallization of calcite in the form of spheroaggregates in aqueous foam stabilized
by the surfactant sodium bis-2-ethylhexyl-sulfosuccinate (aerosol OT, AOT) by a method of
ion entrapment is described. Reaction of Na,CO3 with Ca?" ions electrostatically entrapped
in the foam results in the formation of flat, platelike calcite crystals, possibly in the plateau
border regions of the foam. Hydrodynamic flow patterns in the foam are believed to transport
the calcite platelets from the plateau border regions into the larger plateau junctions where
they assemble into spherical structures by hydrophobic association. The large interfacial
area of the liquid lamellae in the foam provides an attractive and versatile template for the
large-scale synthesis of not only minerals but also other nanoscale materials.

Introduction

Development of experimental strategies for the syn-
thesis of inorganic materials with controllable shape and
crystallography is important for application in catalysis,
medicine, hybrid materials, ceramics, and cosmetic
formulations,® and consequently, there is much current
interest in the growth of morphologically complex
mineral crystals and their morphogenesis. Recognizing
that the most complex and exquisite mineral crystal-
lization occurs in biological systems, various biomimetic
templates such as Langmuir monolayers,2* self-as-
sembled monolayers (SAMs),>6 functionalized polymer
surfaces,”® and lipid bilayer stacks® have been investi-
gated and show great promise in crystal engineering.
Attempts have also been made to control the morphol-
ogy of crystals nucleated and grown in solution via
addition of suitable crystallization inhibitors®l and
carrying out of crystal growth in constrained environ-
ments such as those afforded by microemulsions!? and
agarose gels.13
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An exciting and hitherto considerably underexploited
dynamic biomimetic template for crystal growth is foam
lamellae.** Davey and co-workers showed that stabiliz-
ing surfactants at the air-bubble/solution interface in
foams could be used as nucleation centers for the growth
of glycine and CaCOs; crystals.?* Liquid foams provide
an extremely high concentration of gas bubbles dis-
persed in a liquid and, as a result, yield large interfacial
areas populated by the stabilizing surfactant. The
bubble-stabilizing surfactants are amphiphiles that
assemble at the gas/liquid interface and essentially form
extended monolayers akin to Langmuir monolayers that
are juxtaposed parallel to each other and separated by
a region of water with the polar groups facing inward
(Figure 1). These regions occur between two neighboring
bubbles and are called the plateau borders while the
regions where such plateau borders meet are called the
plateau junctions. The close-packed arrangement of
polar groups at the gas—liquid interface offers one the
possibility of using foams as a template for binding
differently charged ions along the plateau borders and
junctions and growing a range of inorganic materials
by novel chemistry. There is a growing demand for
large-scale synthesis of nanoparticles for a variety of
large-volume applications (calcite nanoparticles in paper
and polymer industries, for example) and we believe the
large interfacial area provided by bubbles in a foam
could help realize scale-up. As a first step toward using
foams for nanoparticle synthesis, Sastry and co-workers
have recently shown the synthesis of anisotropic gold
nanoparticles in aqueous foams stabilized by the sur-
factant cetyltrimethylammonium bromide (CTAB).15
The gold nanoparticles were grown in a two-step process
involving the electrostatic binding of AuCl,;~ ions with
the cationic CTAB molecules populating the air-bubble/
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Figure 1. Scheme showing the different steps involved in the
synthesis of CaCOj; crystals using aqueous AOT foam and
structure of water lamellae in the foam (see text for details).

solution interface followed by the interfacial metal ions
by reduction with hydrazine vapors.’> Gold nanopar-
ticles of variable morphology were formed within dif-
ferent regions of the foam due to reaction cavities of
variable thickness present in the foam.

Developing on our first report on foam-based nano-
particle synthesis,’> we describe herein the formation
of spherical assemblies of highly uniform CaCOs crystals
of the calcite polymorph in aqueous foams stabilized by
the surfactant aerosol OT (sodium bis-2-ethylhexyl-
sulfosuccinate, AOT). This is accomplished by first
electrostatically complexing Ca?" ions with AOT mol-
ecules at the air-bubble/solution interface (Figure 1, step
A) followed by reaction with Na,COg solution in the final
step (Figure 1, step B). To understand the process of
formation of spherical CaCO3; particles better, experi-
ments were performed wherein the structure of the foam
was modulated by varying the drainage time of the foam
and by creating foams with different bubble sizes. These
studies indicate that the calcite crystals of flat, platelike
morphology are formed within the plateau borders
(Figure 1), following which they assemble into sphero-
aggregates within the plateau junctions by hydrophobic
association. Presented below are details of our study.

Experimental Section

In a typical experiment, a rectangular column of 50-cm
height and a square base of 10 x 10 cm? with sintered ceramic
disks embedded in it was used for generation of the foam
(Figure 1). An aqueous mixture of 50 mL of 5 x 1072 M calcium
chloride and 50 mL of 1072 M AOT was taken in the
rectangular column and the foam built up by injecting air at
a pressure of 1-5 psig through the ceramic disk (Figure 1,
step A). Stable foams of 40-cm height could be routinely
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Figure 2. (A—D) SEM images at different magnifications of
CaCO; crystals grown in a foam formed by bubbling air in an
aqueous mixture of 5 x 1072 M CaCl, and 1072 M AOT and
allowing the foam to drain for 10 min. CaCO3; growth was
induced by reaction with Na,COj3 solution. The bubble size in
this experiment was ~8 mm.

obtained. The liquid lamellae between bubbles in the foam may
be considered to consist of two Langmuir monolayers of AOT
electrostatically complexed with Ca?" ions (as shown in Figure
1) and therefore amenable to reaction with carbonate anions
at the interface. After stabilization of the foam, the aqueous
AOT + CaCl, solution was carefully drained out from below
and the foam subjected to a mild and fine spray of aqueous
solution of 103 M sodium carbonate (Figure 1, step B). The
foam collapsed gradually (typically 15—20 min after spraying
of Na,COs) and the crystals of calcium carbonate were collected
through the outlet provided at the bottom of the column.

To understand the process of formation of CaCOs crystals,
their assembly, and relation to the structure of the foam,
CaCO; growth was effected in the foam as described above at
different times of drainage of the foam. This was done by
carrying out reaction of the CaCl,—AOT foam with Na,CO3;
solution after allowing 10 min, 30 min, 1 h, 2 h, 4 h,and 5 h
of drainage of liquid from the CaCl,—AOT foam. The process
of drainage of the water in the foam is expected to lead to
variation in the thickness of the water channels in the foam
(Figure 1). The structure of the foam may also be modulated
by changing the size of the bubbles in the foam. Growth of
CaCOj; crystals was also carried out in foams consisting of ~2-
and ~8-mm bubbles obtained in columns fitted with ceramic
disks of different porosity.

Scanning electron microscopy (SEM) and energy-dispersive
analysis of X-ray (EDX) measurements of drop-cast films of
the CaCOg; crystals grown in the foams deposited on Si(111)
substrates were carried out on a Leica Stereoscan-440 SEM
equipped with a Phoenix EDX attachment. X-ray diffraction
(XRD) analysis of drop-cast films of the CaCOj; crystals grown
in the foam deposited on glass substrates was carried out on
a Phillips PW 1830 instrument operating at a voltage of 40
kV and a current of 30 mA with Cu Ka radiation. Contact
angle measurements of drop-cast films of CaCOj; crystals on
glass substrates were carried out by the sessile water-drop
method (1-uL water drop) using a Rame-Hart 100 goniometer.

Results and Discussion

Figure 2 shows representative SEM images of CaCO3;
crystals synthesized by treating CaCl,—AOT foam of
bubble size ~8 mm with Na,CO3 solution after allowing
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Figure 3. XRD patterns recorded from CaCOs crystals grown
in the aqueous AOT foam after different drainage times. Curve
1,10 min; curve 2, 1 h; and curve 3, 5 h after drainage (peaks
marked with “A” and “V” correspond to aragonite and vaterite
Bragg reflections, respectively).

drainage of liquid from the foam for 10 min. A small
percentage of the structures were observed to be in the
form of fairly open spherical assemblies of flat, platelike
crystallites (Figure 2A,B) along with the major percent-
age of compact spherical calcite particles (Figure 2C).
At higher magnification, the surface of the more com-
pact spherical CaCO3; assemblies appears to be made
of smaller platelets in a highly close-packed assembly
(Figure 2D). An interesting feature of the spherical
crystal structures is the uniformity in shape and size
(particle diameters in the range 0.6—2 um). Energy-
dispersive analysis of X-rays (EDX) from the crystals
shown in Figure 2 yielded strong Ca, C, and O signals
together with weaker Na and S signals (data not
shown). This indicates the formation of CaCO3 and also
the presence of AOT in the spherical structures.

The XRD pattern recorded from the spherical crystal
assemblies cast in the form of a film on a glass substrate
shows a number of Bragg reflections characteristic of
the calcite polymorph along with a small percentage of
aragonite (curve 1 in Figure 3).16 The Bragg reflections
marked with “A” correspond to the aragonite polymorph.
The peaks are relatively broad, indicating that the
observed spherical microparticles of CaCO3 are indeed
aggregates/assembly of much smaller crystallites. The
XRD results thus conclusively show that both the
spherical assembly of flat, plate-shaped CaCOs crystal-
lites (Figure 2A,B) and the compact, spherical particles
(Figure 2C,D) are predominantly of the calcite poly-
morph.

Figure 4A—C shows high-magnification images of
some of the spherical calcite crystals obtained in the
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foam. All of these spheroaggregates present in different
orientations on the Si(111) wafer fortuitously exposed
their hollow cores. The CaCOg3 crystallites appear to be
organized in a radially oriented fashion outward from
the hollow center of the spheres. Similar hollow spheri-
cal calcite/vaterite crystals have been obtained by Colfen
and Antonietti during solution growth of CaCOs3 in the
presence of suitable double hydrophilic block copolymers
(DHBCs).1! It was speculated that these double-hydro-
philic block copolymers, due to their strong interaction
with inorganic surfaces, have the potential to control
the growth of inorganic crystallites.!* The formation of
hollow cores in the spherical calcite/vaterite crystals
were explained as arising due to a recrystallization
process during which the core was consumed.!' We
believe a similar process of recrystallization may be
operative in this study as well. That this is likely is
supported by our observation that the spherical CaCO3;
structures in the foam are predominantly of two distinct
types—one consisting of spherical assemblies of distinct
platelike crystals (Figure 2A,B) while the other set of
spherical crystals has a very smooth surface and is made
of much more compact crystals (Figure 2C,D). The latter
set of compact, smooth spheres (with hollow cores) is
possibly the spherical assembly of platelike calcite
crystals at an advanced stage of recrystallization. Hol-
low spheres with prismatic needles along the particle
diameter have been observed by Kniep et al. in floura-
patite—gelatin composites where growth of fluorapatite
starts with the formation of elongated prismatic seeds
followed by self-similar branching into anisotropic spheri-
cal aggregates, this process being mediated by local
electric fields.”

The SEM and XRD results indicate that the particles
obtained in the foam are composed of smaller calcite
crystals self-assembled into spherical superstructures.
The flat, platelike calcite crystals are themselves of
predominantly two different sizes, leading to open and
compact spherical structures. Contact angle measure-
ments of a sessile water drop at different points on the
surface of drop-cast films of the calcite particles yielded
an average value of 89°. The spherical CaCOg particles
are thus quite hydrophobic, being enveloped by AOT
molecules. The presence of AOT on the spheroaggre-
gates suggests that sphere formation occurs through
hydrophobic association of AOT-capped calcite platelets
during growth of calcite in the aqueous lamellae of the
foam. Support for the important role played by the foam
is provided by the fact that CaCOj crystals grown in

500 nm
Figure 4. (A—C) SEM images of spherical calcite aggregates grown in the foam, exposing their cores.

500 nm 500 nm
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Figure 5. (A and B) SEM images at different magnifications
of CaCOs crystals grown in solution in the presence of 1072 M
AOT.

solution by reaction of CaCl, and Na,COg in the pres-
ence of AOT vyielded large, rhombohedral calcite par-
ticles assembled into a rudimentary close-packed struc-
ture (Figure 5A). The higher magnification SEM image
in Figure 5B clearly shows one of the close-packed
assemblies of rhombohedral calcite crystals in greater
detail with no resemblances to the CaCOj3; structures
observed in the foam lamellae.

To understand the mechanism leading to CaCOg
assembly into spherical superstructures, the effect of
various experimental parameters such as drainage
times and bubble sizes on the CaCOj; crystal growth was
studied in detail. Figure 6A—F shows SEM images of
CaCOj; crystals grown in the foam for 10 min, 30 min,
1 h,2h, 4 h, and 5 h after drainage of the foam,
respectively. The foam was exceptionally stable even
after 5 h of drainage with no evidence for variation in
the gross structure (as seen by the naked eye). The
CaCOj3 crystals grown in the foam after 10 min of
drainage (Figure 6A) shows well-defined spherical
CaCOj structures. The inset of Figure 6A shows a
relatively solid CaCO3; spheroaggregate with a smooth
surface. After 30 min of drainage, CaCOj3; spheroids can
still be observed along with a number of ill-formed
spherical aggregates (Figure 6B). A magnified image of
one of the spheroaggregates in this experiment is shown
in the inset of Figure 6B, revealing that they are much
less compact and more porous than those formed 10 min
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after drainage (Figure 6A). On progressively increasing
the drainage time, we observe that the percentage of
spheroaggregates is reduced; they become more coarse
and, eventually, yield only flat, platelike CaCOj3 crystals
with no semblance of hierarchical assembly (Figure
6C—F). Clearly, the drainage time of the foam leads to
a dramatic variation in the microscopic structure of the
foam and, thereby, the nature of CaCOj crystals formed
in the foam.

The evolution of XRD patterns recorded from the
CaCOj3 crystals grown in the foam as a function of
drainage time is shown in Figure 3 (curve 1, 10 min;
curve 2, 1 h; and curve 3, 5 h after drainage), these
patterns corresponding to the SEM images shown in
parts A, C, and F, respectively, of Figure 6. A number
of Bragg reflections are identified and have been
indexed with reference to the unit cells of the calcite,
aragonite, and vaterite structures.1® In all the patterns,
we observe the presence of calcite and aragonite poly-
morphs with the presence of a small percentage of
vaterite at higher drainage times. The percentage
contribution of aragonite appears to increase with
increasing foam drainage time. From the SEM images
of the CaCOj3 crystals grown in these experiments
(Figure 6A,C,F), it is difficult to resolve the three phases
based purely on crystal morphology considerations. It
is thus possible that the CaCOj; platelets observed in
Figure 6F are composites of aragonite/vaterite and that
the calcite component arises by a process of dissolution
and recrystallization of aragonite/vaterite in the foam
lamellae/junctions. It is known that vaterite formation
in aqueous solution is favored under conditions of high
HCO3;~ to Ca?" ratio, whereas calcite is favored at
stiochiometric proportions.’® Under such conditions,
positively charged surfaces of CaCOj3 are covered with
carbonate anions. Thus, a high charge density at the
surface could kinetically favor vaterite nuclei through
stabilization of disordered clusters of excess charge. It
is possible that during spraying of Na,COj3 into the
Ca?"™—AQOT foam, an excess of carbonate ions in com-
parison with calcium ions is temporarily created and
thus stabilizes vaterite in the foam lamellae. On this

Figure 6. SEM images of CaCOjs crystals grown by reaction of Na,CO3 with the Ca?*—AOT foam after different drainage times:
(A) 10 min; (B) 30 min; (C) 1 h; (D) 2 h; (E) 3 h; (E) 4 h; and (F) 5 h. The scale bars in all the images correspond to 1 um while

they are 500 nm in the insets.
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crystals grown after reaction of Na,COs with the Ca?"—AOT
foam consisting of different size bubbles: (A,B) ~2 mm and
(C, D) ~8 mm.

basis, the formation of hollow cores in the spherical
aggregates may also be explained as arising due to
partial dissolution of the vaterite component and re-
crystallization into calcite.

The effect of bubble size on the morphology of CaCO3
crystals was also studied in foams consisting of ~2- and
~8-mm bubbles with a constant drainage period of 10
min in both cases. Figure 7A,B shows SEM images at
different magnifications of CaCOg3 crystals grown in the
foam consisting of 2-mm bubbles while Figure 7C,D
corresponds to images obtained from crystals obtained
in the 8-mm foam experiment. At low magnification
(Figure 7A,C), it is apparent that the density of the
CaCOj3; spheroaggregates is much higher in the 2-mm
bubble experiment. This is understandable given that
smaller bubbles in the foam translates into more
interfacial bubble area and, consequently, a higher
concentration of CaCOgs crystals in the foam. The higher
magnification SEM images (Figure 7B,D) show some
differences in the CaCO3; spheroaggregates grown in the
different foams. While the individual CaCOs crystals are
clearly visible in the spherical aggregates obtained in
the 2-mm foam (Figure 7B), the surface of the sphero-
aggregates in the 8-mm foam is much smoother (Figure
7D). It may be noted that, with change in bubble size,
even though the interfacial bubble area changes, there
is no significant change in the thickness of the plateau
borders and the cross-sectional area of the plateau
junctions. The thickness of the plateau borders and the
dimensions of the plateau junctions is observed to
change only as a function of time of drainage of the foam
and not so critically on the bubble size. At this stage, it
is not clear what the difference in surface texture of the
spheroaggregates is due to and how it correlates with
the bubble size in the foam.

Experiments were also carried out by changing the
concentration of Ca?" ions and keeping the concentra-
tion of AOT (1072 M) constant. At higher concentration
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of CaZ* ions (10~1 M) in the foaming solution, the foam
was observed to be very unstable with collapse of foam
taking place within 5 min of its formation. At lower
concentration of Ca2" ions (1072 M), although the
stability of the foam was better, good spherical CaCO3;
spheroaggregates were not observed to form (Supporting
Information, S1). On the basis of these observations, a
concentration of 5 x 1072 M Ca?" ions and 1072 M AOT
was established as optimum for the formation of CaCO3
spheroaggregates.

On the basis of the above studies, we believe forma-
tion of CaCOj; spheroids consisting of flat, platelike
calcite subunits arises from a mesoscale self-assembly
process'® as described below. The collapse of the foam
consequent to Na,CO3 treatment and CaCOj; formation
is quite slow (ca. 15—20-min collapse time) and hence
it may be reasonably assumed that the assembly of
spheroaggregates of flat calcite platelets does not occur
during collapse of the foam. The formation of the calcite
platelets and assembly into spherical superstructures
therefore takes place in the intact foam lamellae. The
presence of AOT on the surface of the calcite sphero-
aggregates inferred from the contact angle measure-
ments indicates that hydrophobic interactions between
the AOT-capped calcite platelets is responsible for the
assembly, possibly in the following manner. The plateau
borders shown in Figure 1 provide an anisotropic
confinement to the solution trapped between them and
also act as planar charged templates for immobilizing
oppositely charged species. Comparatively, the plateau
junctions encompass a greater volume of solution and
are more isotropic in spatial extent. The thickness of
both the plateau borders and the plateau junctions
decreases with increasing time of drainage as the foam
dries. As mirrored by the SEM images (Figure 2A,B),
the CaCOg; platelets constituting the spherical ag-
gregates are most likely synthesized in the plateau
border regions. During treatment of the foam with Nay-
COg3 solution, we believe that hydrodynamic flow of the
liquid through the foam by capillary action drives the
calcite platelets synthesized in the plateau regions to
the more capacious plateau junctions where they ag-
gregate via hydrophobic association. Hydrophobic forces
being nondirectional, the aggregates tend to attain a
spherical morphology, this structure being the most
energy-conserving. This is also evidenced from the
morphology of the CaCO3 particles synthesized in AOT
foam after different times of drainage. At lower times
of drainage (10 and 30 min) when the plateau border
regions contain a greater amount of entrapped water,
hydrodynamic flow during treatment with Na,COj3
drives the platelets formed in these regions to the
plateau junctions where they become aggregated,
whereas at higher drainage times, the plateau borders
are thin and consequently hydrodynamic flow is mini-
mized in the plateau border regions. Formation of the
smooth surfaced compact spherical particles could be a
result of further growth of calcite on the aggregated
CaCOg; spherical particles. It is expected that, at lower
drainage times, more Ca?" ions are present in the foam
lamellae along with water that would be available for
secondary growth on the spheroaggregates. This pos-
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sibly leads to the observed increase in porosity with
increasing drainage time scales in the CaCl,—AOT foam
and is supported by the fact that the size of most of the
spherical aggregates that are clearly visible as ag-
gregates of platelets is less than the size of the smooth
surfaced spherical particles. Thus, the dynamic nature
of the foam lamellae does play a crucial role in yielding
spherical calcite particles since such structures have not
been observed in CaCOj; crystallization at static inter-
faces such as Langmuir monolayers.2 Though we believe
this to be the mechanism and is thus at this time-
speculative, studies are under progress to establish and
understand in detail the microstructure of the foam
lamellae and the dynamics involved in it. As mentioned
briefly earlier, the formation of vaterite crystals (with
spherical morphology) and aragonite crystals followed
by their recrytallization into calcite could provide an
alternative mechanism for the formation of sphero-
aggregates of calcite and would need to be discounted.

To summarize, formation of flat, platelike calcite
crystals and their hierarchical assembly into uniform
spherical aggregates in an aqueous foam stabilized by
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the surfactant aerosol OT has been described. A com-
bination of extremely large interfacial templating area
provided by the liquid lamellae in foams stabilized by
ionizable surfactants and the dynamic nature of the
foam bubbles makes this method potentially exciting for
the large-scale synthesis of other inorganic materials
(nanomaterials) and minerals.

Acknowledgment. D.R. and S.S.S. thank the De-
partment of Science and Technology (DST) and Council
of Scientific and Industrial Research (CSIR), Govt. of
India, for research fellowships. We are grateful to Dr.
Sudhakar Sainkar for providing SEM facilities.

Supporting Information Available: SEM image of Ca-
COs crystals grown in a foam formed by bubbling air in an
aqueous mixture of 102 M CaCl, and 102 M AOT and
allowing the foam to drain for 10 min; CaCOs; growth was
induced by reaction with Na,CO3 solution and the bubble size
in this experiment was ~8 mm (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

CM035182L



