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Controlled release and conversion of guest species (CO,) in
zeolite microcapsules was achieved thanks to the high micro-
porosity and the thermal and chemical stability of the zeolite
shells.

Microcapsules can encapsulate various active ingredients in
their inner space, keeping them away from the surrounding
environment.! The encapsulated species could be used to
functionalize the inside of the microcapsules or could be
controllably released by adjusting the encapsulator’s porosity
and/or the external conditions. >* Up to now, a great number
of microcapsules with organic polymeric shells have been
successfully designed* and a series of useful applications for
drug delivery and in the textile, petroleum, and pesticide
industries has been achieved.’ However, taking into considera-
tion environmental compatibility and stability, an equivalent
process able to encapsulate active materials into inorganic
microcapsules is still desired.!® Zeolite microcapsules have
always been assumed to be suitable for the delivery of encap-
sulated guests because of their large inner volumes, stable shells
and uniform micropores;*’ the coexistence of zeolitic shells
with a variety of active guest cores (often prepared through
purposeful transformation of the encapsulated species) was
expected to endow them with unique catalytic and adsorption
properties as microreactors.® In addition, because of the high
thermal and chemical stability of zeolite shells, these could be
more readily employed and further treated under more extreme
conditions than polymer microcapsules. However, the con-
trolled release and conversion of guest species in zeolite
microcapsules remains an ongoing challenge.

Herein, by utilizing cubic or spherical CaCO; and
Fe;(SO4)2(OH)s - 2H,O encapsulated zeolite microcapsules,
controlled release and conversion of the encapsulated guest
species inside the cavity were achieved. The target zeolite
microcapsules were fabricated by hydrothermal treatment of
nanosilicalite-1-seeded CaCO; or Fe3(SO4),(OH)s - 2H,0 cores
in a template-free precursor gel, followed by hydrothermal
treatment at 180 °C. Fig. 1 displays the SEM micrographs of
the original spherical CaCOj particles [Fig. 1(A)], the zeolite-
seeded spherical CaCO; cores [Fig. 1(B)] and the resulting
carbonate-containing zeolite microcapsules [Fig. 1(C)]. After
pre-seeding with nanosilicalite-1 and a hydrothermal treatment
for a maximum of 12 h, the product retained the spherical
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morphology of the original CaCO; core particles and the
silicalite-1 seeds originally on the CaCO; surface were con-
verted in situ into dense zeolite shells built up of intergrown
quadrate-shaped ZSM-5 crystals [Fig. 1(C) inset]. Addition-
ally, using the same method with quasi-cubic CaCOj; core
particles, zeolite boxes encapsulating cubic CaCOj; core parti-
cles were also obtained [Fig. 1(D)], whose core-shell structure
could be clearly observed by TEM (Fig. 1D inset).

The micropores of MFI zeolite present in the intergrown
dense zeolitic shell provide ideal nanotunnels for the controlled
diffusion of small molecules or ions. Adjusting the thickness
and/or the aperture of the zeolite shells should allow some
control on the release of encapsulated guest species. The high
acid stability of the MFI zeolite shell and the acid solubility of
the CaCOs core of these samples make them a good model for
such an investigation. The controlled release ability of these
zeolite microcapsules was estimated by measuring the release
rate of CO, gas from CaCO; containing zeolite microcapsules

Fig. 1 SEM micrographs of the original spherical CaCOs particles
(A); the surface of silicalite-1-preseeded CaCOjs particles (B) and as-
synthesized CaCOj; containing zeolite microcapsules with spherical (C;
inset: enlargement of the outer surface) and cubic (D; inset: TEM
micrograph) morphologies.
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Fig. 2 (A) Time dependence of the release of CO, gas from bare
CaCOj; (curve a) and from as synthesized CaCO; containing zeolite
microcapsules, after hydrothermal treatment at 180 °C for: 6 h (curve
b; thickness of the resulting microcapsule ~200 nm), 9 h (curve c;
thickness ~300 nm) and 12 h (curve d; thickness ~450 nm). (B) Half-
life time (#,/2) of CaCOj core dissolution versus the thickness of the
corresponding zeolite shell. Data points a—d in Fig. 2(B) correspond to
the samples giving the curves a-d in Fig. 2(A).

of various shell thicknesses (thickness control was obtained by
varying the time of the hydrothermal treatment at 180 °C; see
caption in Fig. 2 and Experimental). Equivalent amounts of
CaCO; particles and CaCOj3 encapsulated microcapsule sam-
ples were added to separate 0.5 M HCl solutions (containing an
excess of acid relative to the carbonate). As expected, the
weight of bare CaCOj; particles decreased rapidly with time
[Fig. 2(A), curve a], while CO, release from CaCOj; containing
zeolite microcapsules was slower and depended on the zeolite
shell thickness [Fig. 2(A), curves b—d]. Fig. 2(B) displays the
relationship between the half-life time ¢, of encapsulated
CaCO; dissolution and the shell thickness of the zeolite
microcapsules, indicating that the CO, release rate is almost
linearly proportional to the thickness of the zeolite shells. This
phenomenon illustrates that zeolite shells with uniform micro-
pores (ca. 0.54 nm) definitely have a limiting effect on the
permeation of H3;O™ (size ca. 0.37 nm) and/or CO, (size ca.
0.46 nm). Moreover, the good dependence of the release rate of
CO, on shell thickness implies that the zeolite shells of these
samples are mostly integral and homogeneous.

The X-ray diffraction (XRD) patterns of the microcapsules
before and after removal of the CaCO; core (Fig. 3) indicate
that the CaCO; core has been fully dissolved during the
process. The flat baseline and the high-intensity MFI diffrac-
tion peaks indicate the high crystallinity of the zeolite shells.
Fig. 4 presents SEM micrographs of the hollow structures after
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Fig. 3 XRD pattern of the zeolite microcapsules before (B) and after
(A) the release of the cubic CaCOj; core and after converting the core
into Ca(OH), (C) and Fe,O5 (D).
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Fig. 4 SEM micrographs of (A) the hollow zeolite spheres, (B) a
broken hollow zeolite sphere, (C) the hollow zeolite boxes, and (D) a
broken hollow zeolite box after total release of the CaCOj; core.

full dissolution of the CaCOjs core, which further indicate the
high acid stability and the integrality of the MFI zeolite shells.

Compared to polymer microcapsules, encapsulated guests in
the cavities of zeolite microcapsules should be easily trans-
formed into their derivatives via post-treatment, thus broad-
ening the scope of their applications, thanks to the high
thermal and chemical stability of zeolite shells. Fig. 5 shows
the SEM and TEM micrographs of calcined spherical CaCOj3
and quasi-cubic Fe;(SO4),(OH)s - 2H,0 containing zeolite mi-
crocapsules. When spherical CaCO3; was used as the original
core, the spherical morphology was maintained after calcina-
tion at 850 °C [Fig. 5(A)], the core-shell structure being clearly
observed by TEM [Fig. 5(B)]. The XRD pattern (spectrum C in
Fig. 3) interestingly exhibited diffraction peaks of Ca(OH),,
besides the typical ZSM-5 zeolite peaks. The formation of
Ca(OH), cores could be explained by the possible reaction of
the highly hygroscopic CaO cores produced during calcination
with water molecules from the atmosphere. Reconversion of
the Ca(OH), cores into CaCOj3 should be feasible in a CO,
containing environment, but was not attempted. When using
quasi-cubic Fe3(SO4),(OH)s-2H,0 as the core, Fe,O3 encap-
sulated zeolite boxes were obtained after calcination at 900 °C
[Fig. 5(C,D)]. Formation of Fe,O5 encapsulated zeolite micro-
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Fig. 5 SEM (A, C) and TEM (B, D) micrographs of the resulting
Ca(OH), (A, B) and Fe,O; (C, D) encapsulated zeolite microcapsules
after calcining zeolite microcapsules containing spherical CaCOj; and
quasi-cubic Fe3;(SO4)>(OH)s - 2H,0, respectively.
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capsules was confirmed by the coexistence of Fe,O; and zeolite
ZSM-5 diffraction peaks in their XRD pattern (spectrum D in
Fig. 3). Such microcapsule materials with tunable core species
{e.g., alkaline [CaO or Ca(OH),] or redox (Fe>Os3) cores here}
could be further developed to become a novel type of micro-
reactor for catalysis and adsorption.

In summary, the controlled release of guest species encapsu-
lated in inorganic zeolite microcapsules was achieved by con-
trolling the thickness of microporous zeolite shells. Moreover,
because of the high thermal and chemical stability of zeolite
shells, the cores in the zeolite microcapsules could be easily
converted into their derivatives through thermal post-treat-
ments. These microcapsules with a zeolitic shell are expected to
be promising encapsulators for guest delivery. Based on the
synergistic effects of zeolitic shells and their encapsulated active
species, functionalized zeolitic microcapsules could be devel-
oped as novel microreactors.

Experimental
Preparation of core particles and silicalite-1 nanocrystals

CaCOj; particles with cubic and spherical morphologies were
synthesized according to the literature.” XRD analysis of the
as-synthesized CaCOj; particles confirmed that both CaCOj3
particles are crystalline (curve B in Fig. 3): the spherical ones
are mixed crystals of calcite and vaterite, while the cubic ones
are pure calcite crystals.

Fe3(SO4)>(OH)s - 2H,0 particles were produced by hydro-
thermal treatment of Fe,(SO4); and urea solution mixtures.
Typically, 18.25 g of Fe(NOs;);-9H,0, 8.91 g of (NH,4),SO4
and 1 g of urea were added to 250 ml of water and stirred, then
the mixture was put into a Teflon-coated autoclave at 150 °C
for 3 h.

Silicalite-1 nanocrystals (80 £ 10 nm) were synthesized
according to the literature.'® The mean diameter of the silica-
lite-1 particles was ca. 80 nm, as measured from SEM micro-
graphs.

Fabrication of zeolite microcapsules

The core particles (~0.1 g) were first modified by a three-
layer polyelectrolyte film (PDDA/PSS/PDDA) [PDDA: poly
(diallyldimethylammonium chloride); PSS: poly(sodium 4-styr-
ene sulfonate)],® which provided core particles with a positively
charged outer surface. Then, the negatively charged silicalite-1
nanocrystals were deposited onto the polyelectrolyte-modified
core particles through electrostatic interactions. Unbound
zeolite seeds were removed by washing with 0.01 M NH,OH
and centrifugation. Afterwards, the seed-coated core particles
were dispersed in 2.0 ml of a solution containing a template-
free gel with the composition 28Na,O:1.5A1,05:
100 SiO, : 4000 H,O (molar ratio) in a Teflon-lined autoclave.'!
The autoclave was closed and heated in an oven at 180 °C for
different periods of time (6—12 h).

Controlled release test of zeolite microcapsules

25 mL of 0.5 M HCI were put in a beaker and placed on an
electronic balance. 0.5 g of CaCO; containing zeolite micro-
capsules was poured into the above HCI solution to dissolve
the CaCOj core. The experiment was repeated for each of the
microcapsules with different shell thicknesses. The weight loss
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of each sample, caused by CO, gas release, was automatically
recorded every 5 s by a computer connected to the balance. The
weight loss curve of 0.5 g of crude CaCOj; in the same acid
solution was also recorded as a reference.

Thermal conversion of the inner guest materials

CaCOj; containing zeolite microcapsules were calcined at
850 °C for 1 h in air at a heating rate of 5 °C min~! to convert
CaCOs; into CaO, and then the hygroscopic CaO cores were
transformed into Ca(OH), by reacting with water molecules
from the atmosphere. Fe,O3 containing zeolite microcapsules
were obtained by calcining the zeolite microcapsules with
Fe3(SO4)»(OH)s - 2H,0 cores at 900 °C for 1 h in air at a
heating rate of 5 °C min~".
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