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Sustainable silica microcapsules
O. Norvilaite, C. Lindsay,® M. J. Rymaruk,? P. Taylor® and S. P. Armes () *@

Microencapsulation is a critical technology for a wide range of commercial applications, including drug
delivery, home and personal care products, fragrance release, agrochemicals, food manufacture, energy
storage and self-healing materials. In many cases, highly crosslinked polymer microcapsules are utilized,
which are now regarded as microplastic pollutants. Herein we report a new route to sustainable
micrometer-sized silica microcapsules based on the judicious use of a binary mixture of chitosan and
hydroxypropyl cellulose. This synergistic emulsifier system enables the preparation of oil-in-water emul-
sions with a mean droplet diameter of approximately 5-10 pm. Chitosan adsorption at the oil-water
interface confers cationic surface charge, which directs the surface deposition of environmentally benign
silica from the aqueous continuous phase when employing TMOS as a silica precursor. However, the
addition of TEOS to the oil phase prior to high-shear homogenization is also required to produce the
most robust silica microcapsules. Interestingly, the two biopolymers located within the silica shells confer
mechanical flexibility, which may offer an advantage for controlled release applications. The mean silica
shell thickness can be varied from 50 to 175 nm, and thermogravimetry analysis of the dried silica micro-
capsules indicated a mean biopolymer content of around 29% to 38% by mass. Preliminary experiments
indicate that substantial release of a model payload (dimethyl phthalate) occurs within 6 h at 20 °C. Thus,
these microcapsules are highly porous towards sparingly water-soluble small molecules. On the other
hand, they retain a model water-insoluble dye for at least sixteen weeks when stored at 20 °C.

1. Silica microcapsules are a potential replacement for non-degradable polymer-based microcapsules which have been widely used to deliver various agro-
chemicals over the past forty years by companies such as Syngenta but are now classified as an environmental pollutant (microplastics). In contrast, silica is
a naturally-occurring, environmentally benign material.

2. Micron-sized silica microcapsules are prepared under mild conditions at relatively high solids using a wholly aqueous formulation involving cheap, com-

mercially available reagents.

3. Silica microcapsules that retain sparingly water-soluble compounds for longer periods would be a useful future advance. In principle, this could be
achieved by targeting thicker silica shells. It would also be useful to be able to prepare such silica microcapsules at higher solids. Nevertheless, our new syn-
thetic route is sufficiently promising for the industrial sponsor of this study (Syngenta) to file a patent application to protect the associated IP.

Introduction

desirable, which may involve using an erodible or chemically-
responsive shell.»''*'8 Finally, permanent retention of the

Microencapsulation is a critical technology for a wide range of
commercial applications, including drug delivery, home and
personal care products, fragrance release, agrochemicals, food
manufacture, energy storage and self-healing materials."2° In
some cases, slow sustained release of the encapsulated active
is sought, which requires a relatively thick shell layer of low
permeability.’*>* On the other hand, rapid release may be
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active material may be needed, as in the case of wax-loaded
microcapsules for temperature regulation and/or energy
storage.>* 8

Over the past few decades, there has been a concerted effort
to design various types of polymer-based microcapsules. This
can be achieved by either interfacial copolymerization**~¢ or
physical methods such as controlled solvent evaporation to
deposit a homopolymer shell at an oil/water interface.***”°
However, non-degradable polymer microcapsules derived from
vinyl monomers are now classified as microplastic pollutants
and are subject to stringent legislation regarding their use.*’
Thus many industrial products and processes need to be
reformulated by developing more environmentally-friendly
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microcapsules based on either biodegradable polymers or
naturally-derived inorganic materials such as calcium
carbonate,'®*! clays*>™* or silica.>***™?

Silica-based microcapsules are particularly relevant to the
present study. There are three soluble silica precursors commonly
used in the literature: tetraethyl orthosilicate (TEOS), tetramethyl
orthosilicate (TMOS), and sodium silicate. The optimum mean
microcapsule diameter depends on the intended application. For
example, relatively large microcapsules are required for fragrance
release in fabric conditioner formulations to ensure efficient
deposition onto textile fibers.>® On the other hand, much smaller
(typically submicron-sized) microcapsules are usually desired for
drug delivery>>** or energy storage applications,*»**>” whereas
microcapsules of intermediate size (ca. 5-10 pm diameter) are
often preferred for agrochemical formulations'****>°® or for the
controlled release of fragrances or flavors,'®*%>">

Herein we report a new, potentially scalable route to
micrometer-sized sustainable silica microcapsules. First, two
widely available biopolymers, chitosan and hydroxypropyl cell-
ulose, are used to prepare an oil-in-water emulsion via high-
shear homogenization at pH 2.1-4.9.%°

In this formulation, the oil phase comprises Solvesso 200
ND, dimethyl phthalate (DMP) and TEOS. Then TMOS is
added to the aqueous continuous phase, and silicification
occurs on both sides of the oil-water interface to produce
silica microcapsules at 20 °C (see Scheme 1).

29Si NMR spectroscopy is used to study the kinetics of silicifi-
cation, and the resulting silica microcapsules are evaluated
using a wide range of techniques, including optical and
fluorescence microscopy, laser diffraction, aqueous electrophor-
esis, thermogravimetry, FT-IR spectroscopy and scanning elec-
tron microscopy. Finally, preliminary release studies are con-
ducted using UV spectroscopy to monitor the diffusional release
of a sparingly water-soluble model payload (DMP) from the
interior of the microcapsules into the aqueous continuous
phase.
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Experimental
Materials

Low molecular weight chitosan (molecular weight =
50 000-190 000 g mol~*; 75-85% deacetylated) and hydroxypro-
pyl cellulose (HPC; MW = 80000 g mol™", 99%) were pur-
chased from Sigma-Aldrich (UK). Tetramethyl orthosilicate
98% (TMOS; 98% purity), tetraethyl orthosilicate (TEOS; 98%
reagent grade) and dimethyl phthalate (DMP; 99% purity) were
purchased from Sigma-Aldrich (UK). Solvesso 200 ND (ex.
ExxonMobil) was provided by Syngenta International
(Bracknell, UK). This industrial oil comprises C;¢o-C;3 hydro-
carbons, aromatics and trace naphthalene (<1%). It has a vis-
cosity of 4.4 cS at 20 °C, a density of 0.98 g cm™>, a vapor
pressure of less than 1 Pa (0.01 mmHg) at 20 °C, a log p value
of 3.80-3.87, and negligible solubility in water. Glacial acetic
acid was purchased from VWR (UK). Absolute ethanol
(>99.8%, HPLC grade) was purchased from Fisher (UK). d,-
Acetic acid (99.5 atom % D), DCI (35 wt% in D,0O; >99 atom%
D), D,O (99.9 atom % D), hexamethyldisiloxane (HMDS;
>98.5% purity), chromium(u) acetylacetonate (Cr(acac)s; 97%
purity) and Nile Red (for fluorescence microscopy) were pur-
chased from Sigma-Aldrich (UK). d¢-Dimethyl sulfoxide
(DMSO; 99.9 atom % D) and d,-methanol (99.8 atom % D)
were purchased from Goss Scientific (Cheshire, UK). Deionized
water (pH 6) was used for all experiments.

Preparation of silica microcapsules

The following protocol was used to target silica microcapsules
with a mean shell thickness of 100 nm (the equation and
assumptions used to calculate the mean silica shell thickness
are described in the SI) using a TEOS/TMOS molar ratio of 1.0
at pH 3.8. A 0.89% w/w aqueous solution containing chitosan
and HPC was prepared by dissolving 0.020 g of each bio-
polymer in 0.1 M acetic acid (4.460 g). The oil phase used in
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Scheme 1 Synthesis of silica microcapsules via silicification of a biopolymer-stabilized oil-in-water emulsion prepared via high-shear homogeniz-

ation using a binary mixture of TMOS and TEOS.
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these experiments comprised 90% w/w Solvesso 200 ND plus
10% w/w dimethyl phthalate (DMP). This oil phase (0.500 g)
was placed in a tall 14 mL glass vial containing TEOS
(0.2167 g). The weakly acidic aqueous phase was added to
form a biphasic mixture, which was homogenized at 20 °C for
2.0 min at 20 000 rpm using an IKA Ultra-Turrax T-18 basic
homogenizer equipped with a 10 mm dispersing tool. TMOS
(0.1584 g) was added to the resulting emulsion and the vial
was gently inverted for 10 s to ensure even mixing before
leaving the reaction mixture to stand for 18 h. The silica micro-
capsules were purified via three centrifugation-redispersion
(8000 rpm for 10 min using a Beckman Coulter Avanti J-E cen-
trifuge), with each aqueous supernatant being replaced with
deionized water adjusted to pH 4.0 using acetic acid. To facili-
tate some analyses, the silica microcapsules were subjected to
further centrifugation-redispersion cycles following the same
protocol, except the supernatant was replaced with ethanol.
This led to extraction of the oil cores prior to drying in a 40 °C
oven for 16 h.

The chitosan/HPC mass ratio was systematically varied by
mixing varying proportions of 2.0% w/w stock solutions of
chitosan and HPC (prepared at pH 4.0 using 0.1 M acetic acid)
followed by dilution with 0.1 M acetic acid as required. For
example, preparation of a 0.89% w/w aqueous phase at a chito-
san/HPC mass ratio of 0.25 required 2.0% w/w chitosan stock
solution (0.445 g), 2.0% w/w HPC stock solution (1.780 g) and
0.1 M acetic acid (2.775 g). The pH of the aqueous phase was
adjusted as required by varying the acetic acid concentration.
When varying the oil mass fraction, the total biopolymer con-
centration was fixed at 0.80% w/w of the final emulsion.

Monitoring silicification kinetics via >*Si NMR spectroscopy

Chromium(m) acetylacetonate (Cr(acac);) was used as a para-
magnetic relaxation agent (PRA) to enhance the signal inten-
sity and hence reduce the spectrum acquisition time.
Empirically, the optimal Cr(acac); concentration within the oil
phase was found to be 0.02% w/w. An external reference solu-
tion was prepared by mixing 0.375% w/w Cr(acac); dissolved in
de-DMSO (0.09 g), hexamethyldisiloxane (HMDS, 0.25 g) and
ds-methanol (1.31 g) to obtain final Cr(acac); and HMDS con-
centrations of 0.02% w/w and 15% w/w, respectively. A coaxial
insert with a 2 mm diameter stem was placed in a standard
5 mm NMR tube containing 0.50 mL of the external reference
solution.

Rate of release of dimethyl phthalate from silica
microcapsules via UV spectroscopy

To monitor the rate of DMP release, 1.00 g of a 10% w/w sus-
pension of the silica microcapsules was placed in dialysis
tubing (molecular weight cut-off = 8000 g mol™"). The sealed
dialysis tubing was immersed in 100 g of weakly acidic
aqueous solution (adjusted to pH 4.5) in a glass jar at 20 °C
and stirred at 130 rpm. The aqueous continuous phase was
periodically sampled and filtered using a 0.20 um syringe filter
into a 1.0 mL quartz cuvette cell. The maximum absorbance of
DMP was recorded at 276 nm using an Agilent Cary 60

This journal is © The Royal Society of Chemistry 2025
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UV-Visible spectrophotometer. After each measurement, the
aqueous solution was returned to the glass jar containing the
dialysis tubing to maintain a constant volume. A linear Beer—
Lambert calibration curve was constructed via successive
dilution of an aqueous stock solution of DMP (with DMP con-
centrations ranging from 10 to 100 ppm). The same protocol
was used to determine the rate of release of DMP from the ana-
logous oil-in-water emulsions (i.e. prior to silica microcapsule
formation).

Characterization techniques

Optical microscopy. Oil-in-water emulsions were imaged
using a Cole-Parmer optical microscope equipped with a
MoticamBTW camera connected to a computer.

Scanning electron microscopy. SEM images were recorded
using an FEI Inspect F50 field emission scanning electron
microscope at an acceleration voltage of 10 kV. Samples were
prepared by drying dilute aqueous suspensions of silica micro-
capsules onto silicon wafers. Sample-loaded wafers were
mounted onto aluminum stubs using adhesive carbon tabs.
Each stub was then sputter-coated to produce a 5 nm gold
overlayer, followed by application of silver paint to two edges
of the mounted silicon wafers. Given the electrically insulating
nature of the silica microcapsules, this protocol is essential to
minimize sample charging. Mean silica microcapsule dia-
meters and wall thicknesses were estimated using Image]
1.53k software.

Laser diffraction. The initial oil-in-water emulsions and final
silica microcapsules were analyzed using a Malvern
Mastersizer 3000 instrument equipped with a HeNe laser (1 =
633 nm), a LED blue light source (4 = 470 nm) and a Hydro EV
wet dispersion unit operating at 1600 rpm. The volume-
average diameter, D[4,3], and surface-average diameter, D[3,2],
were determined by averaging over three measurements. The
sample cell was rinsed three times with deionized water
between measurements to prevent cross-contamination. The
refractive index for Solvesso oil (1.60) and silica (1.54) was
used for analysis of the oil-in-water emulsions and silica
microcapsules, respectively.

Aqueous electrophoresis. Aqueous suspensions of silica
microcapsules were diluted to 0.05% w/w using 1 mM KCI as
background electrolyte and analyzed using a Malvern Zetasizer
Nano ZS instrument. The Smoluchowski approximation was
applied to calculate zeta potentials using the Henry equation.
The pH of each suspension was monitored using a calibrated
pH probe and adjusted as required using either 0.1 M HCI or
0.1 M NaOH. All measurements were performed in triplicate to
obtain mean values. The same protocol was used to construct
a zeta potential vs. pH curve for an oil-in-water emulsion.

'H NMR spectroscopy. Spectra were recorded using a Bruker
Avance 400 MHz instrument with D,O employed as a solvent
lock. Each spectrum was averaged over 16 scans and the
typical delay time (D;) was 1 second between each spectrum.
Thus the total accumulation time was approximately 1 min per
spectrum.

Green Chem., 2025, 27,12421-12437 | 12423
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>%Si NMR spectroscopy. Spectra were recorded using the
same Bruker Avance 400 MHz instrument employing d,-metha-
nol as the solvent lock. A zgig pulse program involving a 1D
sequence with inverse-gated decoupling at a pulse angle of 90°
was used and each spectrum was averaged over 64 scans using
a delay time of 10 s. The total accumulation time was approxi-
mately 12 min per spectrum.

Thermogravimetry. Dried empty silica microcapsules were
heated up to 700 °C at 10 °C min™" in a pure oxygen atmo-
sphere using a TGA Q500 thermogravimetric analyzer (TA
instruments). This protocol is required to minimize char for-
mation from the biopolymer component. Almost complete
pyrolysis of the chitosan and HPC located within the silica
walls was achieved, leaving silica as a white residue. Chitosan,
HPC and silica were also analyzed as reference materials to aid
data interpretation.

Fluorescence microscopy. An oil-soluble dye (Nile Red) was
added to the oil phase prior to high-shear homogenization
and the resulting silica microcapsules were visualized by fluo-
rescence microscopy using a Zeiss Axio Scope A1l microscope
equipped with a Zeiss Axio ICm1 camera. Fluorescence images
were recorded using an LED radiation source combined with
filter set 43 HE (excitation wavelength = 550/25 nm and emis-
sion wavelength = 605/70 nm).

Analysis of pore size distribution and volume. A BET adsorp-
tion isotherm was obtained for empty silica microcapsules
with a target shell thickness of 175 nm at 77 K using a
Quantachrome Nova 1000e Nitrogen Sorption Analyzer.
Nitrogen was used as the probe gas (area occupied per N,
molecule = 16.2 A%) and the sample was degassed at 120 °C for
20 h before analysis. Adsorption data were collected at 20
points over a relative pressure range of 0.01-0.995 P/P,. The
thermal delay was set to 180 s, the equilibration time was 60 s,
and the helium pumpdown time was 10 min. The specific
surface area was determined using the BET equation and the
mean pore radius was calculated using density functional
theory (DFT) within NOVAWIn software provided by the
manufacturer.

Results and discussion

In an earlier study, we reported that an adsorbed layer of chito-
san facilitated the surface deposition of silica onto
micrometer-sized latex particles, which served as a model sub-
strate.’” However, this silica overlayer was generated using an
ethanol-rich Stéber silica formulation.®” Unfortunately, this
well-established protocol is unsuitable for coating the droplet
phase of an oil-in-water emulsion because ethanol is miscible
with both phases and hence would most likely destabilize the
emulsion. Instead, in the present study we examined a wholly
aqueous formulation for silica deposition. In principle, this
could have involved using sodium silicate as a soluble silica
precursor but such formulations typically offer only poor
control over silica deposition.®*®* Of course, the hydrolysis of
alternative soluble silica precursors such as TEOS or TMOS
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produces either ethanol or methanol as a by-product. However,
if only relatively thin silica shells are targeted then the original
oil-in-water emulsion should remain stable during the in situ
silicification reaction owing to the relatively low concentration
of alcohol that is present (plus its preferred location within
the aqueous continuous phase).

Recently, we reported the optimization of a formulation for
the preparation of oil-in-water emulsions comprising 5-10 pm
diameter droplets using a binary mixture of chitosan and
hydroxypropyl cellulose as an emulsifier.®® Empirically, it was
found that the finest, most stable emulsions were obtained
when using a chitosan/hydroxypropyl cellulose mass ratio of
1.0 at approximately pH 4.9. Various oils were examined but
the main focus of this prior study was Solvesso 200 ND - a
widely used industrial 0il.®> " According to optical microscopy
and laser diffraction analysis, the volume-average oil droplet
diameter could be varied from 6.6 to 42.9 pm by adjusting the
stirring rate employed for high-shear homogenization.
Aqueous electrophoresis studies provided evidence for adsorp-
tion of chitosan at the oil-water interface since the oil droplets
exhibited positive zeta potentials at low pH.°® Moreover, a
bespoke 'H NMR-based spectroscopy assay performed on the
aqueous supernatant obtained after gravitational creaming of
the oil droplets confirmed that both chitosan and hydroxypro-
pyl cellulose were adsorbed at the surface of the oil droplets,
with little or no evidence for preferential adsorption of either
biopolymer.*°

Initial silica microcapsule experiments

Silicification experiments were conducted using the protocol
outlined in Scheme 1. Both TEOS and TMOS were employed as
soluble silica precursors. TEOS is miscible with Solvesso 200
ND and was added to the oil phase prior to high-shear hom-
ogenization. TMOS, which is known to be rapidly hydrolyzed
to afford water-soluble Si(OH),,°*® was added to the aqueous
continuous phase immediately after emulsification. Thus sili-
cification was expected to occur simultaneously at each side of
the oil/water interface [N.B. One reviewer of this manuscript
remarked that such silicification is not necessarily surface-con-
fined: this is certainly true in the case of TMOS hydrolysis but
TEOS hydrolysis most likely occurs solely at the oil-water inter-
face]. Although conducted using differing silicification con-
ditions, our prior studies® suggested that the cationic charac-
ter of the chitosan would most likely aid surface deposition of
the silica. Initially, silicification was allowed to proceed under
quiescent conditions (i.e., no mechanical agitation). A speci-
men calculation for the target silica shell thickness in such
experiments - along with the various implicit assumptions
that are required - is provided in the SI.

Subsequent optical microscopy studies indicated that silici-
fication had indeed occurred. Unlike the initial perfectly
spherical oil droplets, the silica microcapsules appeared to be
more irregular and possess one or more dimples. Moreover,
the size of the silica microcapsules was comparable to that of
the original oil droplets. Hence systematic variation of the stir-
ring rate used for high-shear homogenization when preparing

This journal is © The Royal Society of Chemistry 2025
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the initial oil-in-water emulsion should in principle enable the
mean silica microcapsule diameter to be tuned. However, this
aspect was not explored in the current study, which is focused
on producing microcapsules of 5-10 pm diameter.

Laser diffraction studies indicated a D[4,3] diameter of
7.1 pm for the initial oil-in-water emulsion and 8.1 pm for the
final silica microcapsules, see Fig. 2. Thus, this sizing tech-
nique is consistent with the optical microscopy images shown
in Fig. 1: in situ silicification leads to minimal change in the
particle size distribution. Laser diffraction analysis also

Fig. 1 Optical microscopy images recorded for: (a) a precursor oil-in-
water emulsion prepared at pH 3.8 under quiescent conditions using a
0.89% w/w aqueous binary mixture of chitosan and HPC (chitosan/HPC
mass ratio = 1.0) and an oil phase comprising 63% w/w Solvesso 200
ND, 7% w/w DMP and 30% w/w TEQOS; (b) corresponding silica micro-
capsules obtained after interfacial silicification using the protocol shown
in Scheme 1 (target silica shell thickness = 100 nm).

= Control emulsion D[4,3] 7.1 pm
= Microcapsules D[4,3] 8.1 ym

0.1 1

10
Diameter (um)

100 1000

Fig. 2 Laser diffraction data recorded for: (a) a precursor oil-in-water
emulsion prepared at pH 3.8 under quiescent conditions using a 0.89%
w/w aqueous binary mixture of chitosan and HPC (chitosan/HPC mass
ratio = 1.0) and an oil phase comprising Solvesso 200 ND, DMP and
TEOS; (b) corresponding silica microcapsules obtained after interfacial
silicification using the protocol shown in Scheme 1 (target silica shell
thickness = 100 nm).

This journal is © The Royal Society of Chemistry 2025
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revealed the presence of a minor population of submicron-
sized particles in the size distribution obtained for the silica
microcapsules. In principle, this feature may correspond to
either relatively small microcapsules and/or silica nanoparticles
formed via secondary nucleation. However, a similar minor
population was also observed for the initial emulsion, which
suggests that the former explanation may be more likely.

The extent of silicification was studied by *°Si NMR spec-
troscopy, which was used to monitor the reduction in the
TEOS signal over time. Unfortunately, the natural abundance
of *°Si is only 4.7% and relatively long delay times are usually
required to ensure that spin relaxation is complete between
each spectrum.”®”" This inevitably leads to low spectral resolu-
tion, long spectral acquisition times and relatively poor tem-
poral resolution. To address these problems, an inert oil-
soluble paramagnetic complex, chromium(u) acetylacetonate
(Cr(acac);), was used as a paramagnetic relaxation agent. This
complex has been used to monitor the kinetics of TEOS hydro-
lysis in the literature.”>”*

(a) Si(OH),
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Fig. 3 Kinetics of TEOS hydrolysis within a biopolymer-stabilized oil-
in-water emulsion monitored by 2°Si NMR spectroscopy when targeting
a silica shell thickness of 100 nm using a TEOS/TMOS molar ratio of 1.0
at pH 3.8 and 20 °C. (a) Stacked 2°Si NMR spectra recorded over 18 h
and (b) progressive attenuation of the TEOS signal (normalized with

respect to hexamethyldisiloxane, HMDS) over time calculated from the
spectra shown in (a).
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The rates of TMOS hydrolysis and condensation are signifi-
cantly faster than those for TEOS.®®®® Unfortunately, we were
unable to identify a suitable inert water-soluble paramagnetic
agent for the aqueous phase, so it was not possible to monitor
the TMOS reaction kinetics at 20 °C. Nevertheless, the rate of
TEOS hydrolysis can be examined by monitoring the reduction
in the TEOS signal (normalized with respect to HMDS; the
weaker signal observed at —82.5 ppm is assigned to Si

Table 1 Effect of varying the solution pH on silica microcapsule for-
mation and mean diameter when targeting a silica shell thickness of
100 nm using a TEOS/TMOS molar ratio of 1.0 and a 0.89% w/w
aqueous binary mixture of chitosan and HPC (chitosan/HPC mass ratio
= 1.0) and reacting for 18 h without stirring at 20 °C

TEOS hydrolysis Silica shell D[4,3]  D[3,2]
pH  within 18 h? formation®? pm pm
2.13 Yes No 13.9 4.2
3.65 Yes Yes 10.2 3.4
3.82 Yes Yes 6.2 3.4
4.08 No Yes 6.2 3.5
4.30 No Yes 7.8 4.2
4.92 No Yes 9.5 4.2

“Based on disappearance of the TEOS signal at —82.9 ppm as judged
by ?°Si NMR spectroscopy (Fig. S1). ?Based on optical microscopy
studies performed after 18 h.

View Article Online

Green Chemistry

(OEt);0H”*) at —82.9 ppm over time (see Fig. 3). Clearly, there
is no unreacted TEOS remaining within the oil droplets after
15 h. However, this does not necessarily mean that all of the
TEOS has been converted into silica on this time scale: see eqn
(1) and (2) below for the two-stage formation of silica via the
hydrolysis of TEOS/TMOS followed by condensation and con-
comitant generation of ethanol/methanol as a by-product.

hydrolysis

Si(OR), +xH,0 °—  (OR), ,Si(OH) +xROH (1)

ROH

(2)

condﬁ}ation ( (42— x)

. . nx n
n(OR),_ Si(OH), SlOZ)nJr?HZO +

In a separate experiment, we attempted to monitor the
kinetics of a TMOS-only silicification reaction but no 2°Si
signals could be detected (spectra not shown). Thus, when
using a TEOS/TMOS molar ratio of 1.0 for silicification, the
—73.2 ppm signal assigned to Si(OH), cannot be attributed to
fully hydrolyzed TMOS. This Si(OH), species must instead orig-
inate from TEOS hydrolysis (see eqn (1)) and most likely
resides near the oil/water interface (i.e., in close proximity to
the oil-soluble Cr(acac)s).

Fig. 4 Representative SEM images recorded for silica microcapsules prepared at various solution pH when targeting a mean silica shell thickness of
100 nm (see Table 1 for further details). Each synthesis utilized a TEOS/TMOS molar ratio of 1.0 and a 0.89% w/w aqueous binary mixture of chitosan
and HPC (chitosan/HPC mass ratio = 1.0); silicification was conducted for 18 h without stirring at 20 °C.
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Effect of varying the solution pH on silica microcapsule
formation

A summary of the effect of varying the solution pH on silica
microcapsule formation when targeting a silica shell thickness
of 100 nm is provided in Table 1.

Inspecting Table 1, using a solution pH of either 3.65 or
3.82 is clearly optimal because such reaction conditions lead
to complete TEOS hydrolysis and successful formation of silica
microcapsules. Moreover, slightly smaller microcapsules were
obtained at pH 3.82 compared to pH 3.65. In contrast, no
silica microcapsules were obtained at pH 2.13, whereas TEOS
hydrolysis remains incomplete even after 18 h above pH 4.
This is consistent with a prior study of acid-catalyzed TEOS
hydrolysis in which this reagent reacts significantly faster at
PH 3.8 compared to pH 4.1 or pH 4.4 (albeit in the presence of

—— Emulsion - unagitated D[4,3] 7.2 ym
== Capsules - unagitated D[4,3] 7.6 pm

(a)

10 100

Diameter (um)

01 1 1000
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ethanol cosolvent).”” Finally, syntheses performed at 30 °C and
PH 3.82 produced silica microcapsules of essentially the same
size as those obtained at 20 °C.

Although the rate of TEOS hydrolysis is significantly faster
below pH 3.8 (for example, it is complete within 10 h at pH
2.1), this does not necessarily mean that the condensation
reaction goes to completion. This is because the fully hydro-
lyzed Si(OH), species is known to be more stable at low pH.””

Scanning electron microscopy was used to examine the size
and surface morphology of the silica microcapsules (see
Fig. 4). The silica microcapsule morphology is rather ill-
defined at pH 2.13, while relatively thick silica shells are
formed at pH 3.65 compared to those obtained at pH 3.82. In
both cases, these silica shells exhibit considerable surface
roughness. Given that TMOS is hydrolyzed much more rapidly
than TEOS in such formulations, these surface globules are

(b) «— Emulsion - stir at 100 rpm D[4,3] 20.4 pm
= Capsules - stir at 100 rpm D[4,3] 27.3 pym

0.1 1 10

Diameter (um)

100 1000

Stirred at 100 rpm

Fig. 5 Laser diffraction particle size distributions recorded for: (a) a quiescent emulsion (no stirring) and the resulting aqueous suspension of silica
microcapsules, (b) an emulsion stirred at 100 rpm and the resulting aqueous suspension of silica microcapsules (inset images are ‘birds-eye’ digital
photographs recorded for open glass vials containing either the precursor oil-in-water emulsion or the silica microcapsules). Corresponding optical
microscopy images recorded after 18 h for the silica microcapsules derived from (c) a quiescent emulsion (no stirring), (d) an emulsion stirred at 100
rpm. In the latter case, red circles are used to indicate empty silica microcapsules [N.B. A hydrophobic dye (Nile Red) was added to the oil phase
prior to emulsification to aid visualization of the phase-separated oil, which forms a single macroscopic droplet when silicification was attempted at
a stirring rate of 100 rpm. For the silica microcapsules, the target silica shell thickness was 100 nm in each case].
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likely to result from the relatively fast deposition of silica from
the aqueous phase, rather than from within the oil droplets. In
contrast, significantly smoother silica shells are formed at pH
4.92. Based on these SEM images, the optimal solution pH
appears to be pH 3.82. This represents a compromise between
reaction yield (i.e. TEOS conversion into silica) and the for-
mation of well-defined silica shells (albeit with appreciable
surface roughness). Unfortunately, chitosan becomes water-in-
soluble above approximately pH 6 so it is not possible to inves-
tigate the feasibility of preparing silica microcapsules via
TEOS hydrolysis in alkaline media using the current
protocol.”®

At or above pH 4.9, its rate of TEOS hydrolysis is slow but
its rate of condensation is fast.®® Thus the thickest silica shells
that could be targeted under such conditions was 100 nm,
otherwise macroscopic gelation occurred. However, gelation
could be avoided for silicification reactions conducted at pH
4.9 provided that the TEOS and/or TMOS concentrations
remained below 5% w/w based on the reaction mixture. In
practice, this means that targeting thicker silica shells requires
more dilute reaction mixtures. Moreover, the rate of TEOS
hydrolysis is relatively slow under such conditions.

Another important aspect of this interfacial silicification
reaction is the effect of agitation on microcapsule formation.
The effect of stirring the reaction mixture at 100 rpm is com-
pared to using a quiescent (unstirred) reaction mixture in
Fig. 5. Agitation clearly causes droplet coalescence during the
early stages of the reaction, which produces both coarser dro-
plets and a separate macroscopic oil phase. It also produces
aggregated microcapsules and some capsules are clearly rup-
tured (Fig. 5d). Similar problems were observed when placing
glass vials containing such reaction mixtures on a roller mill
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for even gentler agitation (see Fig. S2). In contrast, a quiescent
reaction mixture produced well-dispersed microcapsules with
no sign of any macroscopic phase separation of the oil phase
as judged by both laser diffraction and optical microscopy
analysis.

Effect of varying the chitosan/HPC mass ratio

Based on literature precedent, chitosan is considered to be the
active component in terms of directing silica shell formation
at the oil/water interface.®™”””® On the other hand, we recently
found that the addition of HPC conferred some advantages in
terms of emulsion droplet size and long-term stability.®® More
specifically, we found empirically that a chitosan/HPC mass
ratio of 1.0 was optimal for the preparation of oil-in-water
emulsions.®® However, it was not clear whether this chitosan/
HPC mass ratio would also be optimal for in situ silicification
of the oil droplets. In the present study, we therefore also
examined a chitosan/HPC mass ratio of 0.25 to provide a
comparison.

In principle, aqueous electrophoresis
should provide useful information regarding the surface com-
position of both the precursor oil-in-water emulsion and the
final silica microcapsules. Accordingly, zeta potential vs. pH
curves were constructed for emulsions and microcapsules pre-
pared when using a chitosan/HPC mass ratio of either 0.25 or
1.0, respectively (see Fig. 6). For the emulsion prepared using a
chitosan/HPC mass ratio of 1.0, a relatively high zeta potential
of approximately +60 mV was observed at around pH 4. There
is a monotonic reduction in zeta potential at higher pH, with
an isoelectric point observed at approximately pH 7.9. At
higher pH, only very weakly negative zeta potentials (below
—5 mV) were obtained. Thus this electrophoretic footprint pro-

measurements

(b) Chitosan/HPC = 0.25

1 3
& O Control emulsion
@ Microcapsules
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Fig. 6 Zeta potential vs. pH curves recorded for a precursor oil-in-water emulsion and the corresponding silica microcapsules when using a chito-
san/HPC mass ratio of (a) 1.0 or (b) 0.25. The target silica shell thickness was 100 nm in each case. Conditions: 10% w/w oil; 0.89% w/w binary

mixture of chitosan and HPC; TEOS/TMOS molar ratio = 1.0; pH 3.8; 20 °C.
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vides strong evidence for the adsorption of chitosan at the oil/
water interface. The corresponding silica microcapsules
obtained when targeting a silica shell thickness of 100 nm
exhibited strikingly different electrophoretic behavior. In this
case, a zeta potential of around +50 mV was still observed at
around pH 4 but the isoelectric point was shifted to pH 6.1.
Importantly, strongly negative zeta potentials of —30 to
—35 mV were obtained at pH 8-9, which is consistent with the
formation of an anionic silica shell.

Given that HPC is a non-ionic water-soluble polymer, it is
not surprising that reducing the chitosan/HPC mass ratio from
1.0 to 0.25 leads to significantly less positive zeta potentials
being observed at pH 4 for both the precursor emulsion
(+35 mV) and the -corresponding silica microcapsules
(+45 mV). The former system exhibited an isoelectric point at
PpH 8.0, while the latter had an isoelectric point at around pH
5.8. The oil droplets did not possess any anionic character
even at pH 9, whereas the silica microcapsules exhibited
strongly negative zeta potentials (—30 mV) above pH 8. In
summary, these electrophoretic data are consistent with the
successful deposition of silica shells onto the oil droplets.
Given that the oil/water interface comprises a relatively thick
adsorbed layer comprising both chitosan and HPC chains, this
leads to the formation of an organic-inorganic nanocomposite
shell. Such overlayers might be expected to exhibit significantly
greater mechanical flexibility than a pure silica shell and there
is some evidence that this is indeed the case (see SEM images
shown in Fig. 4 and later discussion).

These two types of silica microcapsules were then purified
via three centrifugation-redispersion cycles to remove any
excess biopolymer and then subjected to gentle mechanical
agitation (magnetic stirring at 130 rpm for 24 h at pH 4) to
assess the structural integrity of the silica shells and their
ability to retain the encapsulated oil. Laser diffraction
analysis indicated that the silica microcapsules prepared using
a chitosan/HPC mass ratio of 0.25 were significantly larger
than those prepared using a chitosan/HPC mass ratio of 1.0
(see Fig. 7). Perhaps more importantly, optical microscopy
studies suggest that a significantly higher fraction of the
former microcapsules appear to be empty (i.e. contain no oil)
after the mechanical agitation experiment.

Silicification using solely TEOS Or TMOS

The preparation of silica microcapsules was also attempted
using solely TEOS (located within the oil droplets prior to
high-shear homogenization) or solely TMOS (which was added
to the aqueous phase immediately after high-shear homogen-
ization). The resulting microcapsules were compared to those
obtained using a TEOS/TMOS molar ratio of 1.0. Laser diffrac-
tion data are shown in Fig. 8. The particle size distribution
recorded for the TMOS-only microcapsules (D[4,3] = 7.4 pm)
was comparable to the droplet size distribution observed for
the precursor emulsion (D[4,3] = 7.1 um). The conventional
silica microcapsules exhibited a slightly larger mean diameter
of 8.1 um. However, the TEOS-only microcapsules had a much
larger apparent D[4,3] diameter of 17.2 pm. Moreover, signifi-
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Fig. 7 Representative optical microscopy images recorded after 24 h
for silica microcapsules prepared when targeting a silica shell thickness
of 100 nm at pH 3.8 by magnetic stirring at 130 rpm using a chitosan/
HPC mass ratio of (a) 1.0 or (b) 0.25. Conditions: 0.89% w/w biopolymer.
The red circles (also see insets) indicate the formation of empty micro-
capsules (i.e. containing no oil). The corresponding laser diffraction par-
ticle size distributions are presented in (c).
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Fig. 8 Laser diffraction data obtained for silica microcapsules prepared
using TEOS alone, TMOS alone or a TEOS/TMOS molar ratio of 1.0 when tar-
geting a silica shell thickness of 100 nm in each case. Conditions: 10% w/w
oil; 0.89% w/w biopolymer; chitosan/HPC mass ratio = 1.0; silicification con-
ducted at pH 3.8 for 18 h under quiescent conditions (no stirring) at 20 °C.
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cant microcapsule aggregation was observed when inspecting
this aqueous suspension by optical microscopy (Fig. 9).

The effect of mechanical agitation on the structural integ-
rity of these three types of silica microcapsules was assessed
via optical microscopy (see Fig. 9). Some of the TMOS-only
microcapsules disintegrated under such conditions (see red
circles), suggesting that they are rather brittle. The TEOS-only
microcapsules seem to be more flexible because most of the
empty microcapsules formed in this case appear to remain
intact. Finally, a few empty microcapsules were also observed
for the silica microcapsules prepared using both TEOS and
TMOS after 24 h of mechanical agitation. However, far more
microcapsules retained their oil payload in this case. This
suggests that using a combination of TEOS and TMOS for sili-
cification produces the most resilient silica microcapsules.

SEM studies indicate that the TMOS-only silica micro-
capsules have distinctly globular shells (mean globule dia-
meter = 87 + 59 nm based on 50 measurements) while the
TEOS-only silica microcapsules exhibit significantly smoother
shells (see Fig. $3). This is consistent with the relatively rapid
rate of TMOS hydrolysis,’® which leads to rather poor control
over the morphology of the deposited silica shells. The corres-
ponding silica microcapsules produced using a binary mixture

TEOS/TMOS = 1.0

o B

@ ¥

Some empty shells but better oil retention

Fig. 9 Optical microscopy images recorded for three types of silica microcapsules prepared using TEOS alone, TMOS alone or a TEOS/TMOS molar
ratio of 1.0 before (top row) and after (bottom row) being subjected to mechanical agitation (magnetic stirring at 130 rpm for 24 h). Conditions: 10%
w/w oil; 0.89% w/w biopolymer; chitosan/HPC mass ratio = 1.0; silicification conducted at pH 3.8 for 18 h under quiescent conditions (no stirring) at

20 °C.
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of TEOS and TMOS also exhibit a rather globular surface mor-
phology but with a slightly smaller globule diameter of 79 =+
24 nm (based on 100 measurements).

Systematic variation of the oil mass fraction

Industrial applications for microcapsules require process-
intensive syntheses for maximum cost efficiency. Accordingly,
the synthesis of silica microcapsules targeting a silica shell
thickness of 100 nm was attempted using 15%, 20%, 25% or
30% w/w oil using a TEOS/TMOS molar ratio of 1.0. For this
series of experiments, the chitosan/HPC mass ratio was 1.0
and the overall biopolymer concentration was fixed at 0.80%

20% oil capsules
15% oil capsules
10% oil capsules

eee- 20% oil emulsion
15% oil emulsion
10% oil emulsion

10
Diameter (um)

100

1000

Fig. 10 Laser diffraction data comparing the droplet size distribution of
each precursor emulsion to the particle size distribution of silica micro-
capsules prepared at varying oil mass fractions after a reaction time of 18 h.
The target silica shell thickness was 100 nm in each case. Conditions:
0.80% w/w biopolymer with respect to the final emulsion; chitosan/HPC
mass ratio = 1.0; TEOS/TMOS molar ratio = 1.0; pH 3.8; 20 °C; no stirring.
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w/w of the final emulsion. Unfortunately, reaction mixtures
containing either 25% or 30% w/w oil formed gels on standing
overnight, so no further analysis was performed for these
failed syntheses. The 20% w/w oil formulation was very
viscous, while the 15% and 10% formulations proved to be
free-flowing fluids. Using the droplet size distribution of the
corresponding precursor emulsion as a reference, laser diffrac-
tion data and optical microscopy images indicated that signifi-
cant aggregation occurred when attempting silicification at
20% w/w oil (see Fig. 10 and 11). In summary, the upper limit
oil concentration when targeting a silica shell thickness of
100 nm appears to be approximately 15% w/w. In principle,
targeting thinner silica shells might enable higher oil concen-
trations to be achieved. Indeed, targeting a silica shell thick-
ness of 60 nm at an oil mass fraction of 20% w/w and a TEOS/
TMOS molar ratio of 1.0 also produced well-defined silica
microcapsules at pH 4.9 without inducing gelation or causing
aggregation (see Fig. S4).

Effect of varying the mean silica shell thickness

The target silica shell thickness was varied from 50 nm to
200 nm using the optimized silicification conditions (i.e.,
0.89% w/w biopolymer; chitosan/HPC mass ratio = 1.0; TEOS/
TMOS molar ratio = 1.0; pH 3.8-4.0 at 20 °C without stirring).
The corresponding data are summarized in Table 2.
Unfortunately, targeting a silica shell thickness of 200 nm
(entry 6) produced an extremely viscous aqueous suspension
of silica microcapsules. Thus, the realistic upper limit shell
thickness is 175 nm, for which a free-flowing suspension was
obtained. Laser diffraction analysis indicated similar micro-
capsule diameters for entries 1-5, while SEM studies con-
firmed that thicker silica shells were indeed obtained when
targeting higher silica loadings (see Fig. 12). However, the esti-
mated silica shell thicknesses are typically lower than those
targeted. In principle, this could reflect experimental uncer-
tainty in the density of the silica shells (which was assumed to
be 1.93 ¢ cm™>). However, good agreement between the experi-
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Fig. 11 Optical microscopy images recorded for silica microcapsules prepared at oil mass fractions of 10%, 15% or 20% w/w after a reaction time of
18 h. The target silica shell thickness was 100 nm in each case. Conditions: 0.80% w/w biopolymer with respect to the final emulsion; chitosan/HPC

mass ratio = 1.0; TEOS/TMOS molar ratio = 1.0; pH 3.8; 20 °C; no stirring.
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mental and theoretical silica shell thickness was observed
when targeting the lowest silica shell thickness of 50 nm (see
entry 1), which suggests that this explanation is not correct.
Instead, it seems likely that either (i) the TEOS has not fully
reacted or (ii) a minor fraction of the silica has formed second-
ary nuclei in the aqueous continuous phase, rather than being
deposited at the oil/water interface.

The series of samples reported in Table 2 was subjected to
thermogravimetric analysis (see Fig. 13). It is well-known that
chitosan tends to form a char when heated in air.”® However,
this problem can be avoided if pyrolysis is conducted in an

Table 2 Laser diffraction data and silica shell thicknesses (estimated
from SEM images) for silica microcapsules prepared when targeting
silica shell thicknesses of 50 to 200 nm. Formulation conditions: 10% oil
(10% DMP in Solvesso 200 ND), 0.89% w/w aqueous biopolymer solu-
tion comprising a chitosan/HPC mass ratio of 1.0 at pH 3.8, TEOS/TMOS
molar ratio = 1.0, high-shear homogenization at 20 000 rpm for 2 min
followed by silicification for 18 h without stirring at 20 °C

Target shell D[4,3]*  D[3,2]* Estimated silica shell
thickness (nm) (nm) (pm) thickness” (nm)

50 7.6 4.0 51 + 12 nm (100)°
100 8.1 3.9 79 + 24 nm (100)
125 6.0 3.3 91 + 46 nm (50)

150 6.5 3.3 131 + 37 nm (50)
175 6.4 3.3 168 + 91 nm (50)
200 9.4 3.9 173 + 80 nm (30)

“Determined by laser diffraction. ”Estimated by scanning electron
microscopy.  Number of measurements made per analysis.
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oxygen atmosphere.’® Indeed, thermogravimetric analysis of
both chitosan and HPC produced negligible char (<1%) when
heated to 600 °C under such conditions (see Fig. S5). Thus,
this protocol can be used to assess the biopolymer content of
the dried silica shells. As expected, the mass% of incombusti-
ble silica remaining at 650-700 °C increases when targeting
higher silica shell thicknesses owing to the lower proportion
of biopolymer content in such samples. More specifically, the
biopolymer content was reduced from approximately 38% for
the 50 nm silica shells to around 29% for the 175 nm silica
shells (Table 3).

Preliminary release studies

DMP was used as a model compound to examine the per-
meability of the silica microcapsules. The aqueous solubility
of DMP is approximately 4.2 ¢ dm™> (or 4200 ppm) at ambient
temperature.®! Under the conditions used for the equilibrium
dialysis experiments, the maximum DMP concentration was
85-100 ppm. Thus the DMP was always present below its satur-
ation concentration, which ensured its continuous diffusion
from the dialysis tubing into the aqueous continuous phase.
UV spectroscopy studies indicated a molar extinction coeffi-
cient of 1414 + 2 dm mol™" em™" for DMP (see calibration data
in Fig. S6), which is close to that reported for similar com-
pounds (e.g. diethyl phthalate) in the literature.®>

The DMP release data are shown in Fig. 14. As expected,
DMP diffusion from the oil droplets proceeded rapidly, with
92% release being observed within 6 h at 20 °C. Essentially the
same rate of release was observed for the silica microcapsules

Fig. 12 Representative SEM images recorded for the silica microcapsules shown in Table 2 when targeting mean silica shell thicknesses ranging

from 50 nm to 200 nm.
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Fig. 13 Thermogravimetric analysis curves recorded under an oxygen
atmosphere for five examples of silica microcapsules with target silica
shell thicknesses ranging from 50 nm to 175 nm (see Table 2).

Table 3 Comparison of the calculated silica content with the actual
silica content determined via thermogravimetry for dry biopolymer/silica
composite capsules at varying shell thicknesses

Target silica Silica

shell Theoretical content Calculated

thickness/  silica by TGA?/  silicayield/ Biopolymer
nm content/% % % content/%
50 nm 61 62 ~100 38

100 nm 75 67 89 33

125 nm 79 68 86 32

150 nm 82 70 86 30

175 nm 84 71 84 29

Silica 100 95? 95 N/A
control

“Determined by thermogravimetric analysis in an oxygen atmosphere.
b Indicates surface moisture content. °Silica yields were calculated by
comparing the actual and theoretical silica contents.

with a mean shell thickness of 50 nm, which indicates that
this inorganic overlayer is highly permeable.

Targeting thicker silica shells led to marginally better per-
formance: 81% DMP permeated 125 nm silica shells within
6 h while 73% DMP was released over the same time period
from microcapsules comprising a silica overlayer of 175 nm.
Nevertheless, these silica microcapsules are clearly highly
porous and hence unable to retain sparingly water-soluble
small molecules over time scales of days. Indeed, BET surface
area analysis (N, probe gas at 77 K) of dried silica micro-
capsules indicated a specific surface area of 95 m> ¢”" and a
mean pore radius of approximately 39 A was calculated using a
density functional theory (DFT) model. The latter value is con-
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Fig. 14 Release kinetics observed for three types of silica micro-
capsules (mean silica shell thickness = 50, 125 or 175 nm, plus the
corresponding precursor emulsion) using UV spectroscopy to monitor
the diffusion of a sparingly water-soluble payload (dimethyl phthalate,
DMP) at 20 °C.

sistent with the observed rapid release of DMP and is compar-
able to that reported for fragrance-loaded silica microcapsules
prepared using TEOS in the literature.** On the other hand,
fluorescence microscopy studies indicate that a model highly
water-insoluble dye (Nile Red) is retained within such silica
microcapsules for at least sixteen weeks when stored as an
aqueous suspension at 20 °C, see Fig. 15. However, it remains
to be seen whether such silica microcapsules can retain pay-
loads such as commercial fragrances - which typically com-
prise a range of compounds of varying hydrophobic character
- over a similar time scale.

In summary, the optimum reaction conditions for the
preparation of silica microcapsules starting from oil-in-water
emulsions prepared using a binary mixture of chitosan and
HPC as an emulsifier at 20 °C are as follows. First, the emul-
sion should be quiescent because mechanical agitation tends
to destabilize the oil droplets. Second, using a chitosan/HPC
mass ratio of 1.0 tends to produce the best silica micro-
capsules. Third, the highest-quality silica shells are obtained
when using a binary mixture of an oil-soluble silica precursor
(TEOS) located within the droplet phase and TMOS within the
aqueous continuous phase. The resulting silica shells are rela-
tively flexible owing to their biopolymer content, which ranges
from 38% to 29% by mass depending on the target silica shell
thickness, as judged by thermogravimetric analysis. Silica
shell thicknesses of approximately 50-175 nm can be achieved
within 18 h at oil mass fractions of up to 0.15. Silica depo-
sition leads to a significant shift in the isoelectric point to
higher pH compared to that for the precursor oil-in-water
emulsion. It is perhaps also worth emphasizing that our for-
mulation for the preparation of silica microcapsules is much
more straightforward and scalable than the rather complex
multistep protocol reported by Zhang and co-workers.®
Alternative formulations also suffer from various disadvan-
tages, including long reaction times®' or the use of bespoke
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Aged for 16 weeks

Fig. 15 Fluorescence microscopy images recorded for silica microcapsules (silica shell thickness = 100 nm) prepared using Nile Red dye dissolved
in the oil phase prior to high-shear homogenization: (a) as-prepared microcapsules and (b) microcapsules aged as an aqueous suspension for
sixteen weeks at 20 °C. Silicification conditions: 10% w/w oil; chitosan/HPC mass ratio = 1.0; TEOS/TMOS molar ratio = 1.0; 0.89% w/w biopolymer;

pH 3.8, 20 °C.

exotic polymeric o0ils.** Given that almost all the TMOS and
TEOS is converted into silica and almost all the silica is de-
posited onto the oil droplets, the synthesis of silica micro-
capsules using our new formulation proceeds with high
efficiency. Current disadvantages include the generation of
methanol and ethanol as by-products, the loss of control over
the shell morphology when targeting thicker silica overlayers,
and the use of TMOS rather than sodium silicate as the water-
soluble silica precursor. A more process-intensive formulation
would also be useful for potential commercial applications.

Conclusions

A new route to sustainable silica microcapsules is reported
based on the judicious use of a binary mixture of chitosan and
hydroxypropyl cellulose. These two biopolymers act as a syner-
gistic emulsifier system to produce an oil-in-water emulsion
with a mean droplet diameter of approximately 5-10 pm.
Aqueous electrophoresis studies confirm that the oil droplets
possess cationic surface charge, which indicates chitosan
adsorption at the oil-water interface. This component directs
the surface deposition of silica from the aqueous continuous
phase when using TMOS as a soluble silica precursor.
Interestingly, the best-quality microcapsules are invariably
obtained when adding TEOS to the oil phase prior to high-
shear homogenization. Thus the silica shells of the resulting
microcapsules are formed from both sides of the oil-water
interface. Moreover, the two biopolymers within these silica
shells confer some degree of mechanical flexibility, which may
offer a potential advantage for controlled release applications.
Variation of the silica synthesis conditions enables the mean
silica shell thickness to be varied from around 50 nm up to
approximately 175 nm. Analysis of the dried silica shells by
thermogravimetry under an oxygen atmosphere indicated a
mean biopolymer content of around 38% by mass for the

12434 | Green Chem., 2025, 27,12421-12437

50 nm silica shells, with lower contents being observed when
targeting thicker silica shells. Preliminary release experiments
indicate that 73-92% of a model sparingly water-soluble
payload (dimethyl phthalate) is released within 6 h at 20 °C.
This suggests that the silica shells are highly porous and un-
likely to retain small molecules with appreciable water solubi-
lity. On the other hand, a highly hydrophobic dye such as Nile
Red is retained within these silica microcapsules for at least
sixteen weeks. In principle, such ‘leaky’ microcapsules might
be useful for the sustained release of relatively hydrophobic
actives such as fragrances.
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