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Abstract

Monodispersed microcapsules for gas capture and sensing were developed consisting of elastic
semipermeable polymer shells of tuneable size and thickness and pH-sensitive, gas selective
liquid cores. The microcapsules were produced using glass capillary microfluidics and
continuous on-the-fly photopolymerisation. The inner fluid was 5-30 wt% K,CO3 solution with
m-cresol purple, the middle fluid was a UV-curable liquid silicon rubber containing 0-2 wt%
Dow Corning® 749 fluid, and the outer fluid was aqueous solution containing 60-70 wt%
glycerol and 0.5-2 wt% stabiliser (polyvinyl alcohol, Tween 20 or Pluronic® F-127). An
analytical model was developed and validated for prediction of the morphology of the capsules
under osmotic stress based on the shell properties and the osmolarity of the storage and core
solutions. The minimum energy density and UV light irradiance needed to achieve complete
shell polymerisation were 2 J-cm™ and 13.8 mW-cm™, respectively. After UV exposure, the

curing time for capsules containing 0.5 wt% Dow Corning® 749 fluid in the middle phase was
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30-40 min. The CO, capture capacity of 30 wt% K,COg3 capsules was 1.6-2 mmol/g depending
on the capsule size and shell thickness. A cavitation bubble was observed in the core when the
internal water was abruptly removed by capillary suction, whereas a gradual evaporation of
internal water led to buckling of the shell. The shell was characterised using TGA, DSC, and

FTIR. The shell degradation temperature was 450-460°C.

KEYWORDS: Elastic microcapsules; Glass capillary microfluidics; Semipermeable shell

membrane; On-the-fly photopolymerisation, CO, capture; Osmotic imbalance; Capillary-

induced cavitation.

INTRODUCTION

Microencapsulation of fluids, including liquids and gases, within solid shell membranes has been
of great interest for a wide variety of applications. The shell membranes can be classified as
impermeable (dense) and semipermeable (porous). Impermeable membranes do not allow
diffusion of any species into or out of the capsules. Microcapsules with impermeable membranes
have been used for encapsulation of pigments for electrophoretic displays used in e-book readers
such as the Amazon Kindle’? and for enhanced retention of fragrance®. Semipermeable
membranes consisting of nanopores which allow the permeation of molecules smaller than the
size of the pores while preventing the passage of larger ones, find numerous applications for
controlled release of drugs, nutrients and nanoparticles,> energy storage and photocatalysis,*°

12,13

CO, capture,™ biomolecular catalysis,**** and culture of stem cells**.

Conventional methods for fabrication of core-shell capsules such as complex coacervation,™
internal phase separation,™® layer-by-layer electrostatic deposition,*” interfacial polymerisation,*®

and spray drying™ typically require multi-stage processing and do not allow precise control over



the shell thickness and capsule size. In addition, the particles are usually polydispersed and suffer

from low encapsulation efficiency.?

Microfluidic emulsification/polymerisation is a promising tool for production of core-shell
capsules of tuneable size and shell thickness. Two main microfluidic strategies for production of
core-shell drops are one-step drop formation process using a single drop maker®* and two-step
drop formation process using two consecutive flow-focusing,* T-junction,?® or co-flow? drop
makers. Utada et al.** have developed a 3D glass capillary device that combines counter-current
flow focusing and co-flow. The device is cheap, easy to fabricate, and provides precise control of
the droplet size and shell thickness. In addition, the wettability of individual capillaries can be
independently controlled and readily modified,” which overcomes the wettability control
problems found in polydimethylsiloxane (PDMS) devices. Core-shell drops can be formed in
two distinct regimes, dripping and jetting. Dripping is the favourable mode of core-shell droplet
generation since the droplets are highly uniform in size, while the jetting regime is associated

with polydispersed droplet formation.?®#’

Vericella et al."* have developed liquid core-solid shell capsules for CO, capture to address the
drawbacks of traditional amine scrubbing while keeping all benefits of liquid absorbents, such as
high CO, capture capacity and selectivity. Amine scrubbing, mainly using monoethanolamine
(MEA), is the most established and industrially proven approach for CO, capture. However,
MEA is corrosive and degrades during repeated regeneration cycles at elevated temperatures into
the products that pose a hazard to human health and the environment.?®* Encapsulation prevents
evaporation of absorbent and its direct contact with the capture system, and provides much
higher surface area-to-volume ratio, in comparison to typical packed towers.!! The capsules were

produced using a two-step process consisting of generation of core-shell drops in a microfluidic



device and subsequent shell polymerisation by exposing the collected drops to UV light in a
vial.*

However, a single step process that combines microfluidic drop generation and in-situ shell
polymerisation in the collection channel is highly preferred for continuous production of
capsules. In addition, although there are several studies on the effect of osmotic pressure

imbalance on the stability of core-shell drops and capsules with hard shells, 32

the effect is yet
to be investigated for capsules with elastic shells, where the osmotic pressure gradient across the

shell can dramatically change the morphology of the capsules and encapsulation efficiency.

In this work, a single-step process was developed for continuous production of capsules with
elastic gas-permeable shells combining glass capillary microfluidic emulsification and on-the-fly
photopolymerisation. The study aimed at encapsulating highly alkaline aqueous solutions in the
presence of a pH-sensitive marker so that the saturation of capsules with CO, can be visually
detected. Several combinations of oil- and water- soluble stabilisers were tested over a wide
range of concentrations to find the optimum formulation that will not lead to precipitation of the
stabilisers due to high pH of the core solution. Several phenomena that can dramatically change
the morphology and internal structure of the capsules have been observed such as swelling due to
osmotic imbalance between core and storage solution, evaporation-induced buckling, and
capillary pressure-triggered cavitation in the core. The cured shells were characterised using

TGA, DSC, FTIR, and a very high thermal stability was observed.



EXPERIMENTAL PROCEDURE

Materials
The inner phase was an aqueous solution containing 5-30 wt% K,COg3 (Fisher Scientific, UK)

and a small amount of the pH indicator m-cresol purple (Sigma—Aldrich, UK). The middle phase
was a UV-curable liquid silicon rubber (Semicosil® 949, Wacker Chemie, UK) containing 0-2
wt% Dow Corning® 749 Fluid (DC 749, Univar, UK) added as a lipophilic stabiliser. DC 749 is
a blend consisting of approximately 50% cyclomethicone (decamethylcyclopentasiloxane), a
hydrophobic compound, and 50% trimethylsiloxysilicate. Trimethylsiloxysilicate molecules
contain three hydrophobic methyl groups at one end of the siloxane bond (=Si-O-Si=) and three
hydrophilic hydroxyl groups at the other end, causing DSC 749 to accumulate at the O/W
interface and stabilise double emulsion drops. The outer phase was an aqueous solution
containing 30-70 wt% glycerol (Fisher Scientific, UK) and 0-2 wt% hydrophilic stabiliser
(polyvinyl alcohol (PVA), Tween 20 or Pluronic® F-127 (PF-127), Sigma—Aldrich, UK). The

reverse osmosis water was supplied using a Milli-Q plus apparatus.

Microcapsule generation
Fabrication of glass capillary microfluidic device: The round glass capillaries with 1.D. and

O.D. of 058 and 1 mm, respectively (Intracel, UK), were pulled in a Flaming/Brown
micropipette puller (P-97, Sutter Instrument Co., Linton Instrumentation, Norfolk, UK) to
produce the tapered tips for injection and collection capillaries. The tips were then polished to
the desired orifice size using an abrasive paper (Black Ice Waterproof T402 Paper, Alpine
Abrasives, UK), which was checked under a microforge microscope (Narishige MF-830, Japan).
Octadecyltrimethoxysilane and 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane were used
to make the capillary tips hydrophobic and hydrophilic, respectively. The injection and collection

capillaries were inserted into a square glass capillary with an inner width of 1.05 £ 0.1 mm (AIT



Glass, Rockaway, US), placed at a desired distance of each other and axially centred using an
inverted microscope (XDS-3, GX Microscopes, UK). The two-part epoxy glue (5-Minute
Epoxy® Devcon) was used to fix the capillaries into position on a microscope slide. Three
hypodermic needles with polypropylene hubs (BD Precisionglide® 20 G, Sigma-Aldrich, UK)
were attached on the capillaries, using the epoxy glue, to introduce the three phases to the device

(Figure 1). The device was left 4-5 h before use to ensure the glue was fully cured.

Double emulsion formation: A schematic of the experimental setup is shown in Figure 1. Three
gastight glass syringes with Luer-lock fitting (VWR Catalyst Company, UK) were filled with the
three phases and placed on Harvard Apparatus 11 Elite syringe pumps. Polyethylene medical
tubing with 0.86 mm I.D. and 1.52 mm O.D (Fisher Scientific, UK) was used to deliver the three
phases into the device. Core-shell drops were formed upon break-up of coaxial jet of two co-
flowing liquids (the inner and middle phase) into the collection tube. An inverted microscope
and Phantom V9.0 high-speed camera interfaced to a PC computer were used to monitor the drop

formation process in real time. The ImageJ software was used to analyse the captured frames.

Shell polymerisation: The photopolymerisation of the shell was initiated by exposing the drops
to UV-A radiation of 0.7-38.1 mW-cm™ downstream of the device. After exposure to UV light,
the drops were collected in a storage solution to be fully cured. During exposure to UV light, the
microfluidic device, syringes, and all the tubing, except the collection tube were covered by

aluminium foil to prevent premature polymerisation of the middle phase.
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Figure 1. Schematic of the experimental set-up consisting of a glass capillary device, three
syringe pumps and a UV-A source for on-the-fly in-situ photopolymerisation of the shells.
The scale bar on the capsules image is 400 um (D1, D2, Dis — diameter of inner drops, outer
drops and orifice; Q1, Q2, Q3 — volumetric flow rate of inner, middle and outer phase).

Material characterisation
Thermal gravimetric analysis (TGA). The thermal stability of the membrane shell prepared

using different concentrations of the lipophilic surfactant DC 749 was characterised using a
thermogravimetric analyser (TGA) Q5000IR (TA Instruments, US) under a nitrogen flow rate of

20 mL/min by heating 10-20 mg of capsules from 50 to 600°C at a ramp rate of 10°C/min.

Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra of the shell membranes
were measured over the range of 500-4000 cm * using a Thermo Scientific Nicolet iS50 ATR
spectrometer with a monolithic diamond crystal. The samples were placed on the Universal

diamond ATR top-plate and the spectrum was recorded within 32 s.



Differential scanning calorimetry (DSC). Modulated Differential Scanning Calorimetry (DSC)
analysis was done using a TA Instruments Model 2910 calorimeter. 5-10 mg of the sample was
placed in an aluminium pan and hermetically sealed. The sample pan was heated from 50 to
290°C at a ramp rate of 10°C/min and the difference in heat flow between the sample and empty
pan was measured. Dry nitrogen at 60 mL/min was used as the purge gas.

Scanning Electron Microscopy (SEM). The morphology of cross-sectioned capsules after
curing was analysed using a TM3030 bench-top scanning electron microscope (Hitachi, Tabletop
Microscope Europe) operating at an accelerating voltage of 15 keV. Prior to SEM, the capsules
were cross-sectioned into 10 um sections with a cryotome (MSE) equipped with a glass knife.
The cross-sectioned capsules were coated with gold/palladium (80/20) prior to the SEM to
prevent accumulation of electrostatic charges on the particles. The sputtering rate was 0.85 nm

per second at 2 kV and 25 mA of plasma current.

RESULTS AND DISCUSSION

Production of double emulsion drops and their stability
Since the viscosity of the middle phase was very high (200 mPa-s), a highly viscous outer phase

was used to achieve a pinch-off of compound jet in dripping mode. The concentration of glycerol
in the outer phase of 60-70 wt% was found to provide the optimal shear force to generate highly
uniform double emulsion drops close to the orifice of the collection capillary. A further increase
in the glycerol concentration tended to suppress flow of the middle phase into the collection
capillary, which caused rupture of the middle phase layer and release of the inner fluid into the

outer phase.



In the absence of any lipophilic stabiliser in the middle phase, the produced core-shell drops
were unstable and the inner drops were released shortly after drop collection. The addition of DC
749 in the middle (oil) phase considerably increased the stability of core-shell drops before shell
polymerisation. In these experiments, the middle phase contained 0, 0.5, or 2 wt% DC 749, the
outer fluid was an aqueous solution containing 70 wt% glycerol and 2 wt% PVA, and the inner
phase was 5 wt% K,CO3; and m-cresol purple dissolved in deionised water. The produced drops
were collected in an aqueous solution containing 1-2 wt% PVA. The drops prepared without any
lipophilic stabiliser were stable for 15-20 min, those stabilised with 0.5 wt% DC 749 were stable

for 30-40 min, whereas the drops stabilised with 2 wt% DC 749 were stable for several months.

When the drops were collected in 0.5-1 wt% PF-127 instead of 1-2 wt% PVA, the stability of the
drops containing 0.5 wt% DC 749 in the middle phase increased from 30-40 min to more than
one hour. However, in the absence of any lipophilic stabiliser, the difference in performance
between the two hydrophilic stabilisers was negligible. In addition, there was no noticeable
difference in performance between 0.5 wt% PF-127 and 1 wt% PF-127. Therefore, either 0.5 or

1 wt% PF-127 provided sufficient stability to the collected drops until they were fully cured.

The pH of the inner phase can significantly affect the stability of double emulsion drops.*
Ideally, the inner and outer fluids do not come into contact during core-shell drop generation.
However, during start-up the inner and outer aqueous phase are inevitably in contact with each
other in the injection capillary and there might occasionally be some interruptions of the drop
formation process, which may cause the inner phase to flow into the outer phase. Once the two
phases are in direct contact, the high pH of the inner phase can cause the hydrolysis of acetate
groups in PVA molecules. It was found that PVA grades with high degrees of hydrolysis have

low solubility in water, since the absence of hydrophobic acetate groups strengthens the intra-



and intermolecular hydrogen bonding between hydroxyl groups, thereby promoting aggregation
and sedimentation of PVA molecules.** For double emulsions containing 5 wt% and 15 wt%
K,COj3 in the inner phase, with a pH of 11.9 and 12.2 respectively, all the stabilisers used in the
outer phase (0.5-2 wt% PVA, 0.5-2 wt% Tween 20, and 0.5-1 wt% PF-127) were capable of
stabilising the drops without any fouling problems. However, for the emulsions containing 30
wt% K,COg in the inner phase and 0.5-2 wt% PVA in the outer phase, due to high pH of the
inner phase of 12.7, significant sedimentation of PVA occurred, which resulted in clogging of
the injection capillary. The same behaviour was observed when 1 wt% PF-127 was used. For
Tween 20, owing to its low molecular weight and high solubility in water, no sedimentation or
clogging occurred, but most of the shells collapsed within the collection tube shortly after drop
formation. Decreasing the PF-127 concentration in the outer phase from 1 to 0.5 wt% highly
improved the stability of drop formation process with 30 wt% K,COj3 in the inner phase and no
sedimentation was observed within the device after one hour of production. Therefore, 0.5 wt%

PF-127 was the optimum stabiliser in the outer phase for a highly alkaline inner phase.



0.8 . 1.3
S S T
a 06 A . C
" i &
Q 04 :
© ©=%D O (x=_©c o
0.2 - ! :. ! - - ' : n
- 0.8 | Wto/l) K2C03
'E m 5
A
2 sl 8 ]2 A1
— = ® 30
Q T, .
04+ §
C
0.2 L 1 L 1 L 1 . 1 "
2 4 6 8 10 12

QS/ qum

Figure 2. Effect of outer phase flow rate, Qs, on the inner and outer droplet diameter, D;
and D,. The orifice size of the injection and collection capillary (Dorif) was 50 and 430 um,
respectively. The distance between the two capillaries was 48 um. Q; = Q2 = 1.5 mL/h,
Qsum = Q1 + Q2. The images A, B, and C show formation of double emulsion drops
containing 30 wt% K,COs in the inner phase at Q3 = 10, 15, and 35 mL/h, respectively.

Figure 2 shows the effect of outer phase flow rate on the diameter of inner and outer drops, D3
and D,. The outer diameter and the shell thickness were controlled in the range of 200-400 and
20-30 um, respectively, by changing the flow rate of the three fluid streams and the coefficient
of variation of droplet diameters was less than 2.6%. By increasing the outer phase flow rate
from 5 to 35 mL/h at the constant inner and middle phase flow rates of 1.5 mL/h, the droplet size
was reduced from 324 to 228 um, while the shell thickness remained unchanged at 30 pum. The

1.6 An increase in the concentration of

same behaviour was predicted numerically by Nabavi et a
K,COj3 in the core solution from 5 to 30 wt% at the outer phase flow rate of 5-10 mL/h caused a
slight increase in the droplet diameter which could be attributed to the higher viscosity of the

compound jet formed in the collection tube and its higher resistance to pinch-off. With further



increase of the outer phase flow rate above 35 mL/h, the diameter of the compound jet at the exit
of the injection capillary became equal to the diameter of the injection nozzle, which caused the
inner phase to rupture the middle phase and the droplet formation was interrupted. Reducing the
outer phase flow rate to less than 5 mL/h resulted in the formation of multi-cored double

emulsion droplets, as shown in Figure 2a.

Optimisation of shell photo-polymerisation

Figure 3. (a & b) SEM images of microtome cross-sectioned capsules prepared under optimal
conditions; (c) collapsed capsules synthesised without DC 749 in the middle phase; (d) dehydrated
buckled capsules with 15 wt% K,COj5 in the core after 6 h of exposure to ambient air; (e) 15 wt%
K,COj3 capsules before capillary-induced cavitation; (f) 15 wt% K,COg3 capsules with cavitation-
formed vapour bubble; (g) 5 wt% K,COg3 capsules before capillary-induced cavitation; (h) 5 wt%
K,COj3 capsules with cavitation-formed vapour bubble. The scale bars: (a) 100 pum; (b-h) 200 pum.

In this work, two different methods of UV exposure were used. In the first method, only the
collection vial was exposed to UV light and other parts were covered by aluminium foil (“semi-
batch photopolymerisation”). In the second method, only a specific length of the collection tube,
Lexp, Was exposed to UV light (“continuous on-the-fly photopolymerisation”). For a successful

photopolymerisation, UV irradiance and exposure time must be carefully controlled. In this



work, two different UV sources were used: a low-intensity UV-A system consisting of five 4 W
UV-A back light tubes and a 250 W Hoenle UVAHAND 250 Mobile UV lamp. The UV light
irradiance on the sample was monitored using a Cole-Parmer radiometer and was varied from 0.7

to 38.1 mW-cm™ by adjusting the distance between the UV lamp and sample, L,y (Table 1).

In the first method, UV exposure time was independent of the flow rate in the collection tube
since the drops were exposed to UV light after collection. In these experiments, the collection
vial was exposed to UV-A radiation for 1-10 min at 13.8-38.1 mW-cm™ or for 1 min to 12 h at
0.7-3.05 mW-cm™. In the majority of the capsules produced using this approach, the shell was
not entirely solidified causing leakage of the inner solution, or the fabricated capsules were
highly fragile. Figure s.2b shows leakage of the marker dye from the capsules after one hour of
production, when the collection vial was exposed to UV light at 38.1 mW-cm™ for 6 min. This
might be caused by reduction of the intensity of UV light as it passed through the collection
solution. In addition, it was noticed that for the irradiance in the range of 13.8-38.1 mW-cm™,

exposure times over 6 min resulted in the overexposure effect and degradation of cured capsules.

The second method involved on-the-fly in-situ photopolymerisation and the main objective of
these experiments was to determine the minimum UV light irradiance and exposure time needed
to achieve complete shell polymerisation without overexposure effects. The exposure time, t;
was calculated as V wpe/Qiotal, Where Qiorar = Q1 + Q2 + Q3 and Ve is the volume of collection
tube exposed to UV light. The energy density (J-cm™) of UV light was calculated as Eyy = lut;,
where 1, (MW-cm™) is the irradiance. The middle phase was 0.5 wt% DC 749 in Semicosil®
949, the inner phase was 15 wt% K,COj3 solution and the irradiated droplets were collected in a
1 wt% aqueous solution of PVA. The total flow rate in the collection tube, Qo Was 19.6 mL/h,

and 25 cm of the collection tube was irradiated resulting in an exposure time of 144 s. It was



found that UV light irradiance of 13.8-38.1 mW-cm, corresponding to the energy density of 2-
5.5 J-cm™, resulted in successful polymerisation of the shell. The time needed for the shell to
become fully cured after UV irradiation was 30-40 min. Owing to their elasticity, the synthesised
capsules were mechanically robust and stable against bursting under a mild compressive force.
The integrity of the shells after solidification was confirmed by SEM images of cross-sectioned

capsules in Figures 3a and 3b.

In contrast, the shells produced from the drops irradiated with less than 13.8 mW-cm™ were very
fragile and easily collapsed. To determine the minimum energy density needed for activation of
the initiator at the irradiance of 13.8 mW-cm™, the exposed length of the collection tube was
reduced from 25 to 15 cm, which resulted in a shorter exposure time of 86 s and lower energy
density of 1.2 J-cm™ (Table 2). The capsules produced under these conditions were very fragile,
implying that the energy of incident UV light was insufficient to activate the initiator. Therefore,

the minimum energy density needed to initiate the shell polymerisation was 2 J-cm™,

Table 1. The distance L, between the UV source and sample, the UV light irradiance, I,,, and
the energy density, E,, for successful shell polymerisation (shaded area). The exposed length of
the collection tube, Le = 25 cm. Outer phase: 70 wt% glycerol and 1 wt% PF-127 in water;
Middle phase: 0.5 wt% DC 749 in Semicosil® 949; Inner phase: 15 wt% K,CO5 and m-cresol
purple in water; Collection solution: 1 wt% PVA in water, covered by aluminium foil. Q; = 2
mL/h, Q, = 1.6 mL/h, and Q3 = 16 mL/h.

L. Unsuccessful
Successful polymerisation o
polymerisation
L, (cm) 5 10 15 18 20
Ly (MW-cm”) 38.1 20.3 13.8 10.8 9.1

Ew (Jem ) 55 2.9 2 15 1.3




Table 2. Optimisation of the UV light exposure time, t, at the constant distance between the UV
light source and collection tube, L,, = 15 cm. Successful shell polymerisation is shaded. Outer
phase: 70 wt% glycerol and 1 wt% PF-127 in water; Middle phase: Semicosil® 949 containing
different amounts of DC 749; Inner phase: 15 wit% K,CO3 and m-cresol in water; Collection
solution: 1 wt% PVA in water, covered by aluminium foil. Qa1 = Q3 + Q2 + Q1.

Lo No stabiliser 0.5 wt% DC 749 2wt %DC 749
(Cm) Qtotal tr (S) Euv_2 Qtotal tr Euv_2 Qtotal tr (S) Euv_2
(mL/h) (J:em™) (mL/h) (s) (J-cm™)  (mL/h) (J-cm™)
15 13.2 128 1.8 196 86 1.2 176 96 13
25 13.2 214 3 196 144 2 176 160 2.2

The effect of the amount of DC 749 in the middle phase on the on-the-fly photopolymerisation of
the shell is summarised in Table 2. The power per unit area received from UV light was kept
constant at 13.8 mW-cm™ and two different lengths of the collection tube, 15 and 25 cm, were
exposed to UV light. For the middle phase without DC 749 and energy densities of 1.8 and 3
J-cm™, corresponding to t, values of 128 and 214 s, respectively, although the majority of the
produced capsules were sufficiently robust, some of the shells collapsed before solidification
(Figure 3c). This can be attributed to the low stability of the emulsion due to the absence of any
lipophilic stabiliser. However, once the drops were exposed to UV light, the emulsion stability in
the collection vial was improved. As mentioned above, without UV irradiation, all drops
prepared without lipophilic stabiliser collapsed within 15-20 min, whereas after UV exposure,
the majority of the drops survived the curing process lasted 30-40 min. The core-shell drops with
2 wt% DC 749 in the middle phase, exposed to 1.3 mW-cm™? for 96 s, resulted in fragile
capsules, because the initiator was not fully activated at E,, < 2 mW-cm™. By increasing t; to
160 s and Eyy, to 2.2 mW-cm™, full shell polymerisation was achieved, but the required curing
time was longer than 60 min. This might be due to absorption of UV light by the stabiliser in the

shell, which could reduce the amount of energy received by the initiator. This UV-protective



effect of DC 749 could result in a lower rate of decomposition of the initiator, which might lead

to longer polymerisation time.

Effect of osmotic imbalance on the morphology of capsules
The effect of the osmotic pressure gradient across the shell on the morphology of the capsules

was also investigated. Since the shell was permeable to water and impermeable to K* and HCO;
ions, based on the osmolarity difference between the core and storage solution, the capsules lost
or gained water when placed in hypertonic or hypotonic solutions, respectively. This osmotic

imbalance resulted in variable size of the capsules, caused by the shell elasticity and build-up of

positive or negative pressure in the core solution.

Figures 4a-d illustrate the effect of K,CO3 concentration in the storage solution on the size of the
capsules containing 15 wt% K,CO3 solution in the core. The capsules placed in a 15 wt%
K,COj3 solution did not experience any change in their size (Figure 4d), due to identical osmotic
pressure on both sides of the shell. However, when the same capsules were placed in pure water,
their size increased 2.7 times and the shell became thinner, as shown in Figure 4a. The fact that
the capsules were significantly swollen in pure water proves that the shell was capable of
retaining salt ions. Further evidence of negligible shell permeability to K,COj3 is provided in
Supplementary material S5. In order to estimate the equilibrium capsule size, D,¢q in solutions
of different osmolarities, a theoretical model was developed (see the supplementary material S1).
The equilibrium size of the inner core, D1¢q can be estimated by solving the following equation

for B:

(KCou)B* + (1 = KCin)p—1=10 1)



where B = D, ¢q/D; is the expansion ratio of the core at equilibrium, Co and Cj, are the initial
molarity of the storage solution and inner phase, respectively, and K is a constant based on the
initial inner diameter, initial shell thickness, elastic modulus of the shell material, van 't Hoff

factor, and temperature, Eq. (s.1.11). Also, D2 eq = D1eq+2teq, Where tq is the shell thickness at

eq
equilibrium, which can be calculated from Eq. (s.1.7). To validate the model, three samples of
the capsules were prepared containing 5, 15, and 30 wt% K,CO3 solution in the core and stored
in solutions of different osmolarities. The osmolarity of the storage solution was controlled by
changing the concentration of K,COj3 in the range of 0-30 wt%. The capsule size was measured
after several days of storage to allow equilibrium to be established. The agreement between the
experimental and theoretical values of D, ¢4 Was very good, as shown in Figures 4e-g, indicating
high accuracy of the model to predict the capsule size in different storage solutions. The model
was not able to predict the capsule size in pure water. The model is based on Hooke’s law, which
is only valid only if stress is proportional to strain. The model was unable to predict the capsule
size in pure water because the yield strength of the shell material was exceeded due to excessive
osmotic pressure gradient across the shell and the Hooke’s low was no longer valid. However,

the predicted capsule size in 0.25 wt% K,COg3 solution was very close to the experimental

capsule size in pure water.

The capsules with 30 wt% K,COj3 solution in the core stored in pure water experienced the
highest osmotic pressure gradient across the shell, which resulted in an equilibrium capsule size,
D2.eq Which was almost 4 times larger than the initial capsule size, D,, and some shells ruptured
due to excessive osmotic pressure stress. In addition, the surviving capsules were very fragile
due to extremely thin shells of ~2 um, and burst by exerting a mild compressive force on them.

The molarity of the inner phase at equilibrium, Mi,eq Was reduced by a factor of B due to



expansion of the core, where B was found to be 5.6. Therefore, the concentration of K,CO3 in
the core was reduced 176 times, which resulted in a significant reduction in the amount of CO,
that could be captured per unit mass of material. Apart from 30 wt% K,CO3 capsules stored in
pure water, the remaining capsules survived the osmotic stress and no shell burst was observed.
As shown in Figure 4g, the capsules with 5 wt% K,COg3 in the core stored in 8 wt% and 15 wt%
K,COj3 have shrunk in diameter only by 0.6% and 1.4%, respectively. The ability of the capsules
to retain their size in hypertonic solutions can be attributed to low compressibility of the shell
material. As shown in Figures 4e-g, the swelling of capsules in storage solutions containing less
than 5 wt% K,CO3; was considerable for all cases, especially for 30 wt% K,COj3 in the core
solution, leading to a shell thinning and a dilution of K,COj in the core. In addition, the capsules
kept in 1 wt% PVA solution were just slightly larger than those stored in 5 wt% K,CO3 solution.
Therefore, it is recommended to store the capsules in aqueous solutions containing 1 wt% PVA

or not less than 5 wt% K,COs.
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Figure 4. (a-d) Optical images of capsules containing 15 wt% K,CO3 in the core and placed
in different aqueous environments: (a) pure water; (b) 2 wt% K,CO3; (c) 5 wt% K,COs; (d)
15 wt% K,COs. All scale bars are 200 um. (e-g) Comparison of experimental and theoretical
predictions for the equilibrium expansion ratio, Deq/D2, of the capsules in different
environments. The K,COj3 concentration in the core: (e) 30 wt%; (f) 15 wt%; (g) 5 wt%. @ =
experimental data, /A = data calculated using the analytical model presented in the supplement
S1.



Figure 3d shows the capsules with 15 wt% K,COj3 in the core placed on a microscope slide and
exposed to ambient air. Under these conditions, internal water gradually evaporated from the
core, causing dehydration of the capsules and eventually, buckling of the elastic membrane shell.
This buckling deformation can be attributed to the capillary force arising when the encapsulated
water escapes through the nanopores of the membrane.> It should be noticed that the shell did

not burst, even after several hours.

On the other hand, once the capsules were brought in contact with a filter paper, an instantaneous
negative pressure was created inside the core, due to the suction pressure exerted by the filter
paper, tending to drain the internal water from the capsules. When the water pressure in the core
dropped below the vapour pressure at the ambient temperature, a capillary-induced cavitation
occurred, leading to the formation of a vapour bubble in the core (Movie 1 in the supplementary
material S6). However, the growing bubble could not fill up the entire space of the core since a
thin layer of K,CO3 solution remained between the shell and the bubble due to retention of K*
and HCO3 ions by the shell membrane and build-up of an osmotic pressure gradient which
opposed the induced capillary pressure (Figure s.3). The volume of the remaining inner phase
solution can be estimated from a force balance between the capillary force and the osmotic
pressure gradient at equilibrium. The bubble reached the equilibrium size very quickly, as shown

in the video.

Capsules with a cavitation-formed vapour bubble, trapped inside the shell, were collected and
stored in a sealed container to equilibrate the vapour pressure on both sides of the shell and
prevent evaporation of water from the core. Over a period of one year, the capsules kept their

mechanical integrity and there was only a slight change in their size. The 15 wt% and 5 wt%



K,COj3 capsules before and after capillary-induced cavitation are shown in Figures 3e and 3f and
3g and 3h, respectively. The same behaviour was observed for 30 wt% K,COj3 capsules. Further
investigation is needed to fully understand the process of capillary-induced cavitation, which is

beyond the scope of the current work.

Carbon capture by the capsules

Figure 5. The capsules containing 5 wt% K,CO3 and m-cresol purple (pH indicator) in the
aqueous core: (a) prior to CO, capture; (b) after CO, uptake. The scale bar is 200 pm.

K,COj3 solutions have long been used for CO, absorption. According to the stoichiometry of the
reaction: K,CO3 + H,O + CO,; —» 2KHCO3, at 100% K,COg3 conversion the CO, capture
capacity of 30 wt%, 15 wt%, and 5 wt% K,COj3 solution is 2.17 mmol/g, 1.08 mmol/g, and 0.36
mmol/g, respectively, as compared to the solubility of CO, in pure water of 0.0037 mmol/g at

25°C. Although CO; is absorbed only by K,COj3 solution and the shell material does not give



any contribution to the amount of CO, absorbed, the mass of the shell must be taken into account
for calculation of the actual CO, capture capacity of the capsule. The effect of the capsule shell
will be considered by introducing the correction factor C.¢, Which is the ratio of the mass of the

core solution to the mass of the entire capsule:

— pch (2)

where p. is the density of core solution, and ps is the density of cured shell (0.97 gem™).
According to Eq. (2), for the capsules with the core diameter, D;, of 200-400 um and the shell
thickness, t, of 10-30 pum, Ce¢ is 0.74-0.9, which leads to the actual CO, capture capacity of the
30 wt% K,CO3 capsules of 1.6-2.0 mmol/g. Figure 5 shows the uptake of CO, by the capsules
containing 5 wt% K,CO3 and m-cresol purple, a dye indicator in its aqueous cores. A small
amount of microcapsules was placed on a microscope slide and exposed to pure stream of CO,
introduced at a flow rate of 56 ml/h from a 1/4" PTFE tubing whose tip was placed 4-5 cm from
the capsules (Movie 3 in S6). Prior to CO, uptake, the core solution was purple (Figure 5a)
because the pH of the core solution was 11.9. After exposure to CO,, the core liquid turned to
yellow (Figure 5b and Movie 2 in S6) because the pH was reduced below 8. The capsules can be
regenerated by heating, e.g. in a microwave, which causes the reaction to proceed in the opposite

direction and a pure stream of CO; is released: 2KHCO3; — CO;, + K,CO3 + H,O0.

Membrane shell characterisation
The effects of different concentrations of DC 749 in the middle phase prior to polymerisation on

the thermal and surface properties of the shell were also investigated. Three middle phase liquids
containing 0, 0.5 wt%, and 2 wt% DC 749 in Semicosil® 949 were exposed to UV radiation to

produce a thin solid membrane. The onset decomposition temperature of the shell material, i.e.,



the temperature at which 10% degradation occurs, measured using TGA was found to be 450-
460°C for all samples (Figure 6a). In addition, no endothermic peak was observed in DSC curves
over the temperature range of 50-290°C (Figure 6b), since the initial temperature was higher than
the glass transition temperature of the polymer and the melting point was not reached, implying
high thermal stability of the shell material. Based on the DSC data, the specific heat capacity of
the shell material, Cg, is 720-890 J-Kg™K™. In the CO, desorption step, the energy is required to
release CO, from the saturated liquid. The heat (enthalpy) of absorption of CO, only depends on
the composition of the liquid phase and in unaffected by the presence of the shell. However, the
energy consumption for heating up the capsules to the desired desorption temperature is affected
by the heat capacity of both the liquid phase and the solid shell. The ratio of energy consumption
for heating the entire capsule, E,psule, t0 that for heating the core liquid, Ecqre, is given by:

Ecapsule _ 6pst Cs + pchcc (3)
Ecore pchcc

where C. is the specific heat capacity of the core solution, which varies between 3935 and 3014
J-KghK™ in the K,CO;3 concentration range of 5-30 wt%. For the capsules with D; of 200-400

um and a value of t of 10-30 pm, Ecapsute/Ecore 18 1.02-1.2.

The FTIR spectra of the samples are presented in Figure 6¢. The peaks at 2970 cm™ and 1010
cm™ can be attributed to stretching vibration of C—H and Si—O bonds, respectively. The peaks at
1260 cm™ and 788 cm™ correspond to bending and stretching vibration of Si—CHs, respectively.
There is no difference in FTIR spectra between the samples, which means that the presence of
DC 749 in Semicosil® 949 in the amounts of up to 2 wt% does not have any impact on the shell

properties. Therefore, a prolonged curing time for 2 wt% DC 749 shell was most likely caused



by accumulation of the stabiliser at the outer interface and the reduced intensity of the incident

UV light.

Long-term production of double emulsion
A long-term stability of the drop formation process over a period of 50 min is presented in

Figure 7 and Figure s.4. For double emulsion containing 30 wt% K,COs in the inner aqueous
phase, a slight reduction in D, was observed over the entire period with the maximum deviation
of 2.1% from the initial D, value of 372 pum (Figure 7). On the other hand, there was a slight
reduction in D; followed by a slight increase, with the maximum deviation of 3.3%. For double
emulsion with 15 wt% K,COg in the core, the variations of D, and D; followed very similar
pattern with the maximum deviation of 4.3% and 4.1%. For double emulsion with 5 wt% K,CO3
in the core, the drop size variations were negligible with the maximum deviation of 0.5% and 1%

for D, and D;.
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Figure 6. Characterisation of the shell membrane produced using different amounts of DC
749 in the middle phase: (a) TGA curves over the temperature range of 50-600°C at a ramp
rate of 10°C/min and under nitrogen flow; (b) DSC curves over the temperature range of 50-
290°C at a ramp rate of 10°C/min and under nitrogen flow; (c) FTIR spectra.
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Figure 7. The variations of the size of inner and outer drops in the glass capillary microfluidic
device over 50 min. Inner phase: 30 wt% K,COj3 in water, middle phase: 0.5 wt% DC 749 in
Semicosil® 949, outer phase: 0.5 wt% PF-127 and 70 wt% glycerol in water. D = 365 pum.



CONCLUSIONS

In this work, monodispersed gas-permeable microcapsules have been developed for gas capture
and sensing consisting of elastic polymer shells of tuneable size and thickness and pH-sensitive,
gas selective liquid cores. W1/O/W, double emulsion drops of core-shell structure were
generated in a glass capillary device and then the middle phase was polymerised on-the-fly using
a UV-A light source. The effect of osmotic stress was investigated by developing an analytical
model, capable of predicting the equilibrium size of the capsules based on the shell properties
and the osmolarity of the storage solution and inner fluid. The model showed good agreement
with the experimental data. The encapsulation efficiency of the core liquid of 100% has been
achieved using 0.5-2 wt% DC 749 stabiliser in the middle phase. The choice of water-soluble
stabiliser in the outer phase was critical due to its potential pH-triggered sedimentation that could
lead to blockage of the device. The presence of 0.5 wt% PF-127 in the outer phase was found to

provide sufficient long-term drop formation stability for 5-30 wt% K2CO3 core solutions.

The minimum energy density and UV light irradiance needed for complete shell polymerisation
were 2 J-em™ and 13.8 mW-cm™, respectively, which corresponded to an exposure time of less
than 3 min. The curing time after UV exposure for the capsules with 0.5 wt% DC 749 in the
middle phase was 30-40 min. Longer curing times were needed for the higher DC 749
concentrations in the middle phase. A capillary-pressure-induced cavitation was observed once
the capsules were in contact with a filter paper, which resulted in creation of a vapour bubble in
the core surrounding by a layer of highly concentrated salt solution held in the core by an

osmotic pressure gradient that acted against the induced capillary pressure.



The capsules containing K,COs in the inner phase were capable of absorbing CO; and the CO,
capture capacity of the 30 wt% K,CO;3 capsules was 1.6-2 mmol/g, depending on their size and
shell thickness. The shell membrane was thermally stable up to 450-460°C, implying that the
capsules were suitable for applications at high operating temperatures, such as post-combustion
CO, capture. The fabrication method presented here is general and can be used to encapsulate

any other liquid which is compatible with the shell material.

ASSOCIATED CONTENT
Supporting Information. Analytical model for prediction of the capsule morphology under

osmotic stress (S1), images of the vials containing the capsules polymerised under different
conditions (S2), schematic representation of the capillary-induced cavitation effect (S3), the data
for long-term drop generation stability (S4) and K,CO3 shell permeability tests (S5), and the
movies showing the capillary-induced cavitation effect and the uptake of CO, by the capsules

(S6). This material is available free of charge via the Internet at http://pubs.acs.org.
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