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Abstract

Application of TiO2 as a photocatalyst and UV protector is restricted by the difficulties in the
recovery of TiO2 nanoparticles after water treatment. In this work, TiO2 nanoparticles (Degussa
P25) were immobilised within easily recoverable poly(1,6-hexanediol diacrylate)-based polymer
microspheres produced by on-the-fly photopolymerisation of microfluidically generated droplets.
Due to fast polymerisation reaction, TiO2 was uniformly distributed within the polymer network.
The transformation of double bonds in terminal vinyl groups of 1,6-hexanediol diacrylate
(HDDA) monomer into single bonds during photopolymerisation was confirmed by Fourier
Transform infrared spectroscopy. The microspheres containing 0.5 wt% TiO2 embedded in a
poly(HDDA) matrix degraded 80% of methylene blue from 1 ppm aqueous solution in 9 h under
UV light irradiation at 365 nm. The microspheres could easily be separated from water and used
in repeated cycles without any loss in photocatalytic activity. The inclusion of TiO2 within a
polymer matrix increased the thermal degradation temperature of the material from 364 to 389
°C. Bifunctional microcapsules consisted of aqueous or liquid paraffin core enclosed within a
TiO2/poly(HDDA) composite polymer shell were also prepared. The fluorescent dye calcein was

encapsulated in the core with 100 % efficiency.

Introduction
Incorporation of inorganic nanoparticles (e.g. TiO2, Fe203, SiOy, etc) into polymer matrix can

significantly improve the mechanical, optical, electrical, magnetic, and barrier properties of the



host polymer.t®> The synergistic effects between nanofillers and support polymer have been
exploited in photovoltaic applications,® catalysis,” food packaging,® advanced imaging,® and
controlled drug delivery.%1!

TiO2 is a chemically stable, cheap, non-toxic material with exceptional photocatalytic
activity’®* antibacterial and optical properties,'>® and high UV protection capability,'21317.18
widely used as a pigment, catalyst, antimicrobial agent, and UV-blocker in paints and coatings,*®
electrophoretic displays,?® packaging films,?' sunscreens,??> and biosensors.}4>1%23 When
irradiated with UV light, TiO is able to mineralize organic compounds from aqueous solutions
and produce hydrogen.?*2 However, TiO2 nanoparticles are difficult to separate from agqueous
dispersions after photocatalysis. Immobilising TiO> on solid microparticles is an attractive
strategy to achieve easy particle separation?” and prevent ecotoxicological risks associated with
residual TiO in water.?® To minimise separation costs, support particles should be large, but
with increasing the particle size, TiO2 becomes less accessible to photons and the internal mass
transfer resistance becomes increasingly more dominant, limiting diffusion to/from the surface of
TiO2 nanoparticles. Thus, ideally TiO2 should be embedded only within a thin surface layer of
support material. The inclusion of TiO. within polymer matrix can also improve encapsulation
efficiency of active ingredients entrapped within the polymer matrix as TiO. nanoparticles can
act as a porosity modifier and reduce the mesh size of the polymer network. TiO2 nanoparticles
can also act as physical obstacles to diffusing molecules, leading to their more tortuous pathway
through the polymer matrix, which is known as the tortuosity effect”.?

The common techniques for the incorporation of TiO2 into polymer microspheres are
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dispersion polymerisation,?® mini-emulsion polymerisation,® emulsion polymerisation,®* and

suspension polymerisation in stirred tank reactors.®? The disadvantages of these methods are the



lack of control over the size and morphology of microspheres and low encapsulation efficiency
of TiO, (60-80%), due to long polymerisation time and non-uniform shear in stirred vessels.*°3!
More uniform microspheres with a coefficient of variation (CV) of particle sizes of 10-20% were
produced using Shirasu Porous Glass (SPG) membrane emulsification and subsequent
suspension polymerisation®® or solvent evaporation,® but SPG membrane is prone to clogging by
TiO2, due to its highly interconnected and tortuous pores. Microfluidic strategies for generation
of polymer/TiO> particles have also been developed, often based on suspension polymerization
or solvent evaporation combined with in situ synthesis of TiO2 by hydrolysis of organotitanium
compounds.3>%

In this work, novel TiO2/poly(1,6-hexanediol diacrylate)-based polymer microspheres and
microcapsules with CV < 2% were prepared by microfluidic emulsification and ‘on the fly’
photopolymerisation of various template emulsions including (solid-in-oil)-in-water ((S/O)/W),
water-in-(solid-in-oil)-in-water (W1/(S/O)/W>), and oil-in-(solid-in-oil)-in-water (O1/(S/O2)/W).
Multiple emulsion drops were generated by one-step pinch-off of a compound jet by co-flow
combined with counter-current flow focusing,3"*® which allows more facile control over the shell
thickness than two separate pinch-off events in traditional planar flow focusing devices. 3%
Novel composite polymer capsules can be used for encapsulation of photolabile and volatile
materials, which can be released by applying pressure or friction, but also in thermal energy
storage,** biosensing,** electronic displays,*® photonics,** inertial confinement fusion,*® and
solvent extraction.*® Conventional methods for the fabrication of these capsules such as internal
phase separation, complex coacervation, layer-by-layer electrostatic deposition, and thermally-
induced polymerisation processes are more time consuming, require multiple processing steps,

and the shell thickness is more difficult to control.



The entrapment efficiency of TiO2 in the host polymer was 100% due to short curing time of
just several seconds, as compared to several hours in thermally initiated polymerisation
processes.*” The entrapment efficiency of encapsulated hydrophilic dye was also 100% due to
the complete separation of two aqueous streams during multiple drop formation. The method
allows to control accurately and independently the size of the microcapsules, the shell thickness,

which can be below 10 um, and the number of cores, which can range between one and six.

Experimental

Materials

TiO2 nanoparticles (Degussa p25) with a mean size of 20 nm and a rutile/anatase ratio of 85/15
were used as a photocatalyst. 1,6 Hexanediol diacrylate (HDDA, Sigma-Aldrich) and 2-hydroxy-
2-methylpropiophenone (Darocur 1173, Sigma-Aldrich) were used as a UV-curable monomer
and photoinitiator, respectively. Glycerol (Sigma-Aldrich) and poly(vinyl alcohol) (PVA, My =
13,000—23,000, 87—-89% hydrolysed, Sigma-Aldrich) were used as the viscosity modifier and
hydrophilic stabiliser, respectively. Polyglycerol polyricinoleate (GRINSTED® PGPR, Danisco)
was used as an oil soluble stabiliser. Octadecyltrimethoxysilane (Sigma-Aldrich) and 2-
[methoxy(polyethyleneoxy)propyl]trimethoxysilane (Gelest, Inc.) were used for hydrophobic
and hydrophilic modification of glass surface. Methylene blue (MB, 3,4-bis(dimethylamino)-
phenothiazine-5-thionium chloride, Sigma Aldrich) was used as a model contaminant. Ultrapure
water was supplied using a Millipore Milli-Q Plus 185 water purification system. To finely
disperse TiOz in the oil phase, a mixture of TiO2 nanoparticles, Darocur 1173, and HDDA was
sonicated for 30 min. The dispersed phase in (S/O)/W emulsions was a mixture of 0.5 wt% TiO-

and 1 wt% Darocur 1173 dissolved in HDDA. The middle fluid in double emulsions was a



mixture of 3 wt% PGPR, 0.5 wt% TiOz, and 1 wt% Darocur 1173 dissolved in HDDA. The
content of TiO; in the middle phase was relatively low to prevent aggregation of TiO>
nanoparticles and their deposition onto the walls of the capillaries. In some experiments, 1.25
ppm calcein (Bis[N,N—bis(carboxymethyl)aminomethyl]fluorescein, Sigma-Aldrich) and Nile
Red (9-(diethylamino)benzo[a]phenoxazin-5-one, Sigma-Aldrich) were added in the inner and
middle fluid respectively. Paraffin oil (Sigma-Aldrich) and 2 wt% aqueous PVA solution were
used as the inner fluid in O1/(S/02)/W and W1/(S/O)/W, emulsions, respectively. The outer fluid
was a mixture of 4 wt% PVA and 40 wt% glycerol.

The physical properties of fluids used for the preparation of W;/(S/O)/W> emulsion are listed
in Table 1. The densities and viscosities were measured using the pycnometer method and a
DISCOVERY HR-3 hybrid rheometer, respectively. The interfacial tensions were measured

using a Kriiss DSA-100S pendant drop tensiometer (KRUSS GmbH, Hamburg, Germany).

Table 1. The composition and physical properties of liquids used to prepare W1/(S/O)/W-
emulsion.

Inner phase (Wi1)  Middle phase (S/O) Outer phase (W2)

0.5 wt% TiO2 +

0
2 wt% PVA in DI 1 wt% Darocur 1173 j(;zv ¢ f?, /P\;A +r 1
water + 3 wt% PGPR in ] ]‘)VI 0 % yeero
HDDA in DI water
Density at 298 K
(ke/m?) 1080 1010 1100
Viscosity at 298 K 161 6.5 209
(mPa s)
Interfacial tension at
298 K 6.1 - 34
(mN/m)

Fabrication of glass capillary devices



Devices were fabricated using round (1.D./O.D. = 0.58/1.00 mm, Intracel, UK) and square
(1.D. =1.05 £ 0.1 mm, AIT Glass, Rockaway, USA) borosilicate glass capillaries according to a
standard protocol.®” Briefly, the capillaries were assembled on a microscope slide and connected
to inlet tubing via hypodermic needles (Fig. 1). Round capillaries were pulled using the P-97
micropipette puller (Sutter Instrument Co., UK), polished with abrasive paper to the desired
orifice size, and dip-coated with a silane solution. A hydrophobic and hydrophilic coating was
applied for the injection and collection tube, respectively. The capillaries and needles were fixed

in place using a Devcon® 5-min epoxy.

Experimental setup and procedure

Microspheres were produced by counter-current flow focusing (Fig. 1(a)) and microcapsules
were prepared by co-flow combined with counter-current flow focusing (Fig. 1 (b)). The fluids
were supplied from gas-tight glass syringes (VWR Catalyst Company, UK) using Harvard
Apparatus 11 Elite syringe pumps and polyethylene medical tubing (0.86 mm I.D. and 1.52 mm
0.D, Fisher Scientific, UK). A GXMXDS-3 inverted biological microscope and Phantom V5.1
high-speed camera interfaced to a PC computer were used to observe the drop formation. The
videos were analyzed using ImageJ v.1.44 programme (Wayne Rasband, National Institute of

Health) to determine droplet diameters, shell thickness and generation frequency.
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Figure 1. The experimental setup consisting of glass capillary devices, syringe pumps, inverted
microscope, high-speed camera, and a UV-A light source: (a) 2-phase device with two pumps for
producing (S/O)/W emulsion. Q, and Q. are the dispersed phase (S/O) and continuous phase (W)
flow rates respectively; (b) 3-phase device with three pumps for producing Wi/(S/O)/W-
emulsion. Q¢, Q,, Q5 are the inner phase (W1), middle phase (S/O), and outer phase (W>) flow
rates, respectively.

The droplets were exposed to UV-A radiation of 0.004 mW/cm? in the collection tube. All
parts of the setup except the collection tube were covered by aluminum foil to prevent the
premature polymerisation of HDDA. The first step in the polymerisation of HDDA is a UV-
light-induced homolytic cleavage of the C-C bond between the carbonyl group and the aliphatic
carbon of the initiator molecule (Fig. 2a) and the formation of two radicals, benzoyl and 2-
hydroxyl-2-propyl.*® The benzoyl radical reacts with the monomer by taking one & electron from
a terminal C=C bond to form a C-C bond with the monomer (Fig. 2b). The unpaired = electron
remains on the second C atom turning the whole monomer molecule into another radical. The

reaction proceeds in the same way until a crosslinked polymer network is formed (Fig. 2c).
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Figure 2. Photopolymerisation of HDDA monomer with 2-hydroxy-2-methylpropiophenone: (a)
Photocleavage of the photoinitiator and formation of two free radicals; (b) Reaction between
benzoyl radical and the monomer; (c) Formation of crosslinked polymer network. Adapted from
Decker.4®

Particles characterization

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy. ATR-
FTIR spectra in the range of 4000-400 cm™' were recorded on a Thermo Scientific Nicolet iS50
ATR spectrometer with a monolithic diamond crystal. 2-3 mg of the sample was placed onto the
Universal diamond ATR top-plate and the spectrum was acquired within 32 s.

Differential Scanning Calorimetry (DSC). Modulated DSC analysis was done using a TA
Instruments model 2910 calorimeter. 10-15 mg of the sample was placed in an aluminum pan
and hermetically sealed. The sample pan was heated from 200 to 420°C at a rate of 1.5°C/min
and the difference in heat flow rate between the sample and empty pan was measured. The flow

rate of purge gas (dry nitrogen) was maintained at 60 mL/min.


http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/crystal

Scanning Electron Microscopy (SEM). The morphology of the particles after curing was
analyzed using a TM3030 benchtop SEM (Hitachi, Tabletop Microscope Europe) operating at an
accelerating voltage of 15 keV. Prior to SEM, some of the particles were crashed between two
glass slides to investigate their internal structure. The particles were coated with a 80:20
gold/palladium mixture prior to SEM to prevent accumulation of electrostatic charges on them.
The sputtering rate was 0.85 nm per second at 2 kV and 25 mA of plasma current.

X-ray Diffraction (XRD). Wide-angle XRD patterns were obtained using a Bruker D2 Phaser
diffractometer fitted with a 1-dimensional LynxEYE™ detector. A copper X-ray source (Ka =
1.54184 A) maintained at 30 kV and 10 mA was used, with the KB radiation suppressed by a
0.5 mm thick nickel filter. Patterns were recorded over a 26 range of 10—90° with a step size of
0.02° and an equivalent step time of 49.2 s. Sample rotation was set at 15 rpm. Bruker’s
proprietary Eva 2.0 software was used to obtain the spectra.

Confocal Laser Scanning Microscopy (CLSM). The particle shells were stained with Nile
Red, which was added to the oil phase prior to emulsification. The particles were analysed using
a CLSM system (BIO-RAD Radiance2000 MP) mounted on a Nikon Eclipse TE300 microscope
connected to a computer running Zeiss LaserSharp 2000 software. The sample was excited with
a 1.5-mW helium—neon laser at 543 nm. A 570 nm long-pass emission filter was used for image
acquisition via confocal microscopy.

Photocatalytic activity test

2 g of the microspheres loaded with 10 mg of TiO. were added to 80 mL of an aqueous MB
solution placed in a 100-mL beaker and stirred for 30 min in the dark prior to UV irradiation.
The catalysis was carried out under a tubular Blacklight Blue lamp (20W T12 BLB ISL, Philips

Ltd., Croydon) emitting at 365 nm. The light irradiance was 0.9 mW/cm?, measured by a UVX
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digital radiometer combined with a sensor cell (UVX-36 Ultra-Violet Products Ltd, Cambridge,
UK). 1.5-mL aliquots of the irradiated solution were withdrawn with a Pasteur pipette every hour
and the UV-vis absorption spectra of the samples were recorded using a Lambda 35 UV/Vis
spectrophotometer (PerkinElmer Ltd, Llantrisant). The dye concentration in the samples was

determined from the calibration curve shown in the supporting information (Fig. S6).

Results and Discussion

Production of single emulsions

The formation of TiO. laden monomer droplets is shown in Fig. 3a-d. Uniform droplets with
CV < 2% were generated in dripping regime (Fig. 3a-c), for L < 3.3D,4,*° where L is the jet
length at the breakup point and D, is the droplet diameter. At low outer phase flow rate, Q, (Fig.
3a), the dispersed phase jet occupies almost the entire cross section of the orifice and the outer
phase flows through a narrow annular gap between the orifice wall and the oil-water interface.
When @, increased from 0.6 to 1 mL/h, D; was reduced from 154 to 127 um (Fig. 3a-b). D; was
reduced by decreasing Q; at constant Q, (Fig. 3b-c), due to shorter necking time t,. The final
droplet volume V is given by:*° V; = V. + t,,Q,. First, a droplet grows to the critical volume V.,
defined by the balance between the shear force and the interfacial tension. After that, the droplet
continues to grow for time t,,, due to additional inflow of the dispersed phase through the neck,
until eventually the droplet pinches off from the jet. For low Q;, the droplet growth is dominated
by the first stage (V;~V.) and V; is independent of Q;.

The presence of TiO2 in the oil phase did not compromise the drop size uniformity even at low
Q,/0Q, values (Fig. S1 in the supporting information), because TiO> nanoparticles were well

dispersed in the oil phase due to stabilizing effect of PGPR. At high continuous phase flow rates
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(Fig. 3d), the dispersed phase was pulled into a long jet, resulting in large and non-uniform drops
(CV > 7 %). After collection on a microscope slide, the droplets generated in dripping regime
self-organized into regular 2D hexagonal lattice (Fig. 3e). The droplet lattice was highly ordered,

reflecting high size uniformity of the droplets formed in dripping regime.

Figure 3. Formation of (S/O)/W emulsions at D,,.;r = 150 um: (a) @; = 0.15 mL/h, Q, = 0.6
mL/h, CV = 1.6%, D; = 154 uym, f = 78 Hz; (b) @, = 0.35 mL/h, Q, = 1 mL/h, CV = 0.76%,
Dy =127 um, f = 105 Hz; (c) Q; = 0.15 mL/h, Q, = 1 mL/h, CV = 1.4%, D, = 100 pm, f = 125
Hz; (d) @, =0.15mL/h, Q, =5 mL/h, CV = 7.5%, D; = 236 um, f = 26 Hz; (e) Droplets
generated in Fig. 3a self-assembled on a micoscope slide. Q; — Dispersed phase flow rate, Q, —
Continuous phase flow rate, f — Droplet generation frequency, D, — Droplet diameter, D,,;r —
orifice diameter.

Fig. 4a shows D, in dripping regime as a function of Q, at constant Q,. Clearly, D; decreased
on increasing Q,, due to higher drag force acting on the dispersed phase. On the other hand, the

drop generation frequency, f increased with Q,, because f is inversely proportional to D3. Dy
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increased on increasing Q, at constant Q, (Fig. 4b), which agrees with the equation: V; = V. +
t,Q,. The D, values predicted from the equation: D; = [6Q,/(fz)]*/® are plotted as solid red
lines and they are very close to the experimental D, values. The droplet size and drop generation

frequency showed negligible variations with time over 5 hours (Fig. S2).
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Figure 4. The variation of droplet size, D; and generation frequency, f of (S/O)/W emulsion
formed in dripping regime at D,,; = 150 um: (a) The effect of outer phase flow rate, Q, at

Q, =0.15 mL/h; (b) The effect of inner phase flow rate, Q; at Q, = 1 mL/h.

In Fig. 53, Dg/D,yif is plotted against Q,/Q, on a log-log scale. A good linear relationship

with R = —0.99 was obtained in dripping regime, with the best-fit line equation:

Pi _ 14 (&)—0.42 (1)

Dorif Q1
The exponent of —0.42 is close to the range [—0.40 , —0.37] reported previously for different

microfluidic geometries.>>3

In Fig. 5b, Dg/Doyis was plotted against (Q;/Q,)*?, where Q. = Q; + Q. The dripping to
jetting transition occurred at (Q,/Q,)*/? = 0.4, i.e. at Q;/Q, = 0.16. The dripping regime was
stable at (Q,/Q,)*/? > 0.4. A deviation from the straight line of the data point at (Q,/Q,)'/? =

0.7 might be due to squeezing regime prevailing under such conditions. The proportionality
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between D /Do and m found in Fig. 5b follows from the analytical model developed by
Utada et al.*®® In dripping regime, both fluids flow through the orifice at approximately the same
velocity, U; = U,, which is confirmed by CFD modelling.*®> Thus, the ratio of volumetric flow
rates is equal to the ratio of corresponding cross-sectional areas of fluid streams:

Q1 _ D}, /4
Q2 (”Dgrif/‘l—ﬂD]Zet/‘l')

)

The wavelength A4 of the fastest growing mode of the Rayleigh-Plateau instability is 4 =
k(Dje:/2), where k is a constant which depends on the viscosity ratio of fluids, a = Uy /1>
The final droplet volume, V; is approximately equal to the volume of a fluid cylinder of length A:

2
_ an _ nijet 1 3
Vg ="00 =200 = 2 jep?, 3)

By combining Equations (2) and (3):

1 1 1
= (2 (G2 = Gy 2 @

In Fig. 5 (b), Eq. (4) nicely overlaps with the experimental data yielding the proportionality

constant (3k/4)/3 of 1.73, from which k = 6.9. This k value is reasonably close to the

theoretical k value of 7.75 predicted by Tomotika® at « = 0.3.
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Figure 5. (a) A relationship between D,/D,,;r and the flow rate ratio, Q,/Q, in a log-log scale.
The equation of the straight line is Dy/Dyyif = A(Q2/Q1)®, where A =1.3+0.014, B =
—(0.42 £ 0.03), and the correlation coefficient is R = —0.99; (b) The droplet diameters D,
scaled by the orifice diameter, D, as a function of (Q,/Q;)*/2.

Production of multiple emulsions

In Fig. 6a, the sizes of inner and outer drops produced in dripping regime were plotted against
Q, at constant flow rates of the middle and outer fluids, Q, and Q5. The shell thickness, § ranged
between 70 and 40 um by varying Q,, which is a facile way to control the mechanical properties
and permeability of the capsules. Higher Q; values resulted in larger inner droplets due to higher
inflow of inner fluid into a growing drop during jet pinch-off.>® The droplet generation rate
increased with increasing @, which led to smaller outer drops with thinner shells (Fig. 6 b-c).
The CV of both inner and outer drops was less than 2% in all cases. The internal morphology of

single core and dual core droplets was confirmed using confocal microscopy (Fig. 6 d, f).
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Figure 6. (a) The size of inner and outer drops, D; and D, and generation frequency, f for double
emulsions formed in dripping regime at Dy = 50 um, Dy;ir = 150 um, Q, =2 mL/h, and Q3 = 4.8
mL/h; (b-e) Micrographs of generated droplets: (b) Q; = 0.5 mL/h, Q, =2 mL/h, Q; =4.8 mL/h,
D, = 348 um, D; = 207 pm, CV; = 0.5%, CV, = 0.23%, § = 71 um; (¢) Q; =1.2mL/h, Q, =2
mL/h, Q; = 4.8 mL/h, D, = 320 um, D; = 235 um, CV; = 1.4% CV, = 1.2%, § = 42 um; (d) Q, =
0.9 mL/h, Q, =2 mL/h, Q3 =4.8 mL/h, D, = 321 pum, D; = 234 um, CV; = 0.5% CV, = 0.23%, 6=
43 pum; (e-f) Q; = 1.2 mL/h, Q, = 2.2 mL/h, Q; = 4.2 mL/h, D, = 420 um, D; =213 ym, CV, =
1.9 %, CV; = 2%; (g) Q, = 0.32 mL/h, Q, = 2.5 mL/h, Q5 = 3.5 mL/h, D, =621 um, CV, = 0.6%.

One way of increasing the number of inner drops is to increase Q, along with a decrease in Qs
at constant Q,. Indeed, as Q, was increased from 2 to 2.2 to 2.5 mL/h and Q5 decreased from 4.8
to 4.2 to 3.5 mL/h, the number of inner drops increased from 1 to 2 to 5 (Fig. 6 c, e, g). The same
behavior can be predicted from the phase diagrams developed by Nabavi et al.>’

The formation of multiple emulsions with tunable drop size, shell thickness and number of
inner drops is shown in Fig. 7. Increasing Q, from 0.4 to 1 mL/h suppressed jetting of the middle
phase and resulted in a thinner shell (Figs. 7 a-b). Further increase in Q, to 1.2 mL/h led to
encapsulation of two inner drops in each outer drop (f,/f; = 2), Fig. 7c. The number of inner
drops, n, and their volume fraction ¢, in a compound drop consistently increased on decreasing
Q./Qy:at Q;/Q, =119, n; =3 and ¢, = 7.8% (Fig. 7d); at Q,/Q, = 9.6, n; =4 and ¢, = 9.4%
(Fig. 7e); at Q,/Q, = 7.8, n; =5 and ¢, = 11.4% (Fig. 7f); and at Q,/Q,= 6.2, n; = 6 and
¢, = 13.9% (Fig. 79). Finally, at Q,/Q, = 2.3 (Fig. 7h), the middle phase jet could not be broken
up, resulting in a continuous jet of middle phase loaded with numerous inner droplets. After UV

curing, this jet can be transformed into a multi-core polymer microfiber embedded with TiO,.
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300 pym

Figure 7. Generation of W1/(S/O)/W> emulsions at different fluid flow rates: (a) @;=0.4 mL/h,
Q,=2 mL/h, Q3=4.8 mL/h, D,=373 um, D;=211 pm, §=81 pum, f=24 Hz; (b) Q=1 mL/h, Q,=2
mL/h, Q;=4.8 mL/h, f=43 Hz, D,=321 um, D;=238 pm, 6§=41.5 um, CV,=1.7%, CV;=2%; (c)
Q:=1.2 mL/h, Q,=2.2 mL/h, Q;=4.3 mL/h, D,=429 um, D;= (242, 238) um, f,=20.2 Hz, f;=41
Hz, CV,=0.4, CV;=(0.6,1.7)%; (d) Q;=0.21 mL/h, Q,=2.5 mL/h, Q;=3.5 mL/h; (¢) Q,=0.26
mL/h, Q,=2.5 mL/h, Q;=3.5 mL/h; (f) Q,=0.32 mL/h, Q,=2.5 mL/h, Q;=3.5 mL/h; (g) Q,=0.4
mL/h, Q,=2.5 mL/h, Q;=3.5 mL/h; (h) Q,=1.2 mL/h, Q,=2.8 mL/h, Q;=4.8 mL/h.

Production of particles with encapsulated active ingredients

Phase change materials (PCMs) such as higher hydrocarbons can be encapsulated inside
microcapsules to achieve simultaneous thermal energy storage and UV shielding.*” The energy
storage capacity of these bifunctional capsules can be tuned in a facile way by changing the size
and number of inner cavities. The capsules can also be loaded with a UV-sensitive material,*®

whose release can be triggered by friction or pressure, like in scratch-and-sniff stickers. The
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inclusion of TiO> in the polymer shell prevents the premature release of encapsulated material

and their light-induced damage and improves mechanical stability of the capsules.

300 pm

Figure 8. Core/shell microcapsules whose cores are loaded with different encapsulants: (a,b)
Microscopic and confocal images of microcapsules loaded with liquid paraffin, (a) with smaller
core, (b) with larger core. Inner fluid: liquid paraffin, Middle fluid: 0.5 wt% TiO,, 3 wt% PGPR,
and 1 wt% Darocur 1173 in HDDA, Outer fluid: 3 wt% PVA and 40 wt% glycerol in DI water;
(c) Microcapsules loaded with aqueous calcein solution. Inner fluid: 1.25 ppm calcein in water,
Middle fluid: 0.5 wt% TiO2, 3 wt% PGPR, and 1 wt% Darocur 1173 in HDDA, Outer phase: 3
wt% PVA, 40 wt% glycerol in DI water, c1 particles after UV curing, c2 droplets.

Polymer microcapsules with encapsulated liquid paraffin and aqueous calcein solution were

produced using O1/(S/02)/W and W1/(S/O)/W> emulsions as templates (Fig. 8). Paraffin belongs
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to PCMs which are known to be excellent for thermal energy storage.>® The encapsulation of
paraffin was confirmed by DSC (Fig. S3). Capsules with different sizes of paraffin core were
produced (Fig. 8a-b) allowing the adjustment of energy storage capacity. Various hydrocarbons
with different melting points and latent heats can be encapsulated to tune the thermal properties
of the caspules. TiO; incorporated within the polymer shell can repel the sun’s UV rays and
therefore, these capsules can be used in smart clothing for simultaneous UV shielding and
thermal storage. The encapsulation of aqueous calcein solutions was demonstrated in Fig. 8c1-2.
The encapsulation efficiency was 100%, as no traces of the fluorescent dye were observed in the

outer aqueous phase either before UV curing (Fig. 8c2) or after polymerisation (Fig. 8cl).

Characterisation of the synthesized composite polymer particles

SEM. The SEM image of TiO»-filled polymer microspheres is shown in Fig. 9a. Capsules with
a single cavity were formed by polymerisation of core-shell drops. To confirm the presence of
internal cavity and the shell integrity after polymerisation, the particles were crashed between
two microscope slides prior to SEM imaging (Fig. 9b), or the shell was punched (Fig. 9¢). Small
shallow pores on the particle surface in Fig. 9 (c) were probably caused by the extraction of
unreacted monomer from the shell, while white scattered dots are TiO2 nanoparticles embedded
in the polymer matrix. An eccentric position of the internal cavity in Fig. 9b with a shell
thickness varying around the circumference from 33 um to 63 um was the result of the density
mismatch between inner and middle phase. The droplets shrink during polymerisation since the
average distance between the monomer molecules is larger than that between the repeating units
in the crosslinked polymer. The shrinkage may lead to internal stress in the material, triggering

the formation of a hole in the shell.®® The hole formation was avoided here by optimising the
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intensity of UV light and exposure time. The polymerisation of monomer drops with multiple

inner droplets resulted in multiple inner compartments, as shown in Fig. 9d.

Figure 9. SEM images of particles after UV curing: (a) Solid microspheres; (b) Mechanically
crushed core-shell capsule; (c) Core-shell capsule with a single hole punched in the shell; (d)
Mechanically crushed multi-core capsules.

FTIR. The polymerisation of HDDA can be monitored using FTIR by following the stretching
and twisting of the carbon-carbon double bond, which appears at the frequencies of 1600-
1660 cm™' and 1400-1430 cm!, respectively.5! In Fig. 10a, the FTIR spectrum of HDDA
showed absorption bands at 1635 cm™ (peak 3) and 1407 cm™ (peak 4), due to the stretching and
twisting of the C=C bond in the monomer, respectively. Both bands were weaker in the polymer
due to conversion of C=C bonds into C—C bonds. Strong bands of HDDA at ~1720 cm™! (peak

2) and ~1180 cm™! (peak 5), which can be attributed to the stretching vibrations of the C=0 and

C-0 bonds, respectively, were unchanged in the polymer, since these bonds were not affected by
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polymerisation. Two bands at 2939 cm™ and 2861 cm™ (peak 1) corresponding to the =C-H
stretching vibrations increased after polymerisation due to formation of new single bonds. The
band at 982 cm™ (peak 6), which can be assigned to the out-of-plane bending of =C—H in vinyl
groups, was weaker in poly(HDDA), providing another evidence for the conversion of C=C
bonds during polymerisation. The FTIR spectra of poly(HDDA) were not significantly affected
by the embedded TiO> particles, due to low percentage of TiO> in the polymer matrix. The same
behavior was found in polystyrene/TiO, composite films containing about 1% of TiO,.%?

XRD. The XRD patterns of pure TiO, TiO, embedded in poly(HDDA), pure poly(HDDA),
and physical mixture of TiO2 and poly(HDDA) are shown in Fig. 9b. A broad peak at 20° was
observed for pure poly(HDDA), confirming its amorphous structure.%® The XRD pattern of pure
TiO2 shows high-intensity narrow peaks typical for crystalline materials. The peaks reveal the
presence of both anatase and rutile phases, as Degussa P25 TiO, has a bicrystalline structure.
The peaks at 25.26°, 37.78°, 48.00°, 53.79°, 55.02°, 62.63°, 68.79°, 70.38°, and 75.10° are
related to the anatase phase and the peaks at 27.39°, 36.02°, 41.22°, 56.61°, and 64.01°
correspond to the rutile phase of TiO2.% The XRD patterns of TiO,-embedded poly(HDDA) and
a mechanical mixture of TiO, and PHDDA show a broad peak at 20° corresponding to
poly(HDDA), but also some of the TiO> peaks. The TiO2 peaks are much more intense in the
physical mixture of TiO2 and poly(HDDA) than in the sample containing TiO2 embedded in the

polymer matrix, indicating that TiO> nanoparticles were well dispersed in the polymer network.
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Figure 10. (a) FTIR spectra correlate absorbance versus wave number of: HDDA, pure PHDDA,
TiO2 embedded in PHDDA, and pure TiO2; (b) X-Ray diffractograms of: (1) pure TiOz; (2) TiO-
embedded in PHDDA; (3) Physical mixture of TiO2 and PHDDA; (4) Pure PHDDA, (c) Overlay
of differential scanning calorimetry (DSC) thermal profiles of pure PHDDA (solid line) and
PHDDA embedded with TiO> (dashed line) in nitrogen atmosphere.
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DSC. The DSC results in nitrogen for the pure polymer and the polymer embedded with TiO>
are shown in Fig. 10 (c). The DSC curve of pure poly(HDDA) exhibited a large endothermic
peak at 364 °C corresponding to thermal degradation of the polymer via depolymerisation and
random chain scission. Thermal degradation of polymers in inert atmosphere usually yields an
endothermic peak, while an exothermic peak occurs during oxidative degradation in air.®® The
thermal degradation temperature of the polymer composite was shifted to 389 °C. TiO; particles
have a higher thermal conductivity and heat capacity than the polymer and thus act as heat sink,
absorbing heat from the polymer matrix and delaying degradation reactions. Similarly, Liufu et
al.% found that the thermal degradation temperature of ethyl methacrylate / ethyl acrylate
copolymer was higher by 15 °C when ZnO was incorporated in the polymer matrix.

Photocatalytic activity test

The photocatalytic activity of microspheres loaded with TiO2 was estimated by degradation of
MB from aqueous solution under UV light. A steady decrease in the absorbance of MB at the
wavelength of maximum absorbance (664 nm) was observed (Fig. S4a). Two control
experiments with the photocatalyst in the dark and without the photocatalyst but under UV light
were also carried out (Fig. 11a). The efficiency of MB degradation was calculated as:

MB degradation ef ficiency (%) = [(C, — C;)/C,]x100 (5)
where C, = 1 ppm is the initial concentration of MB and C; is the concentration of MB at any
time. The control experiment in the dark showed that MB could not be degraded without UV
light even in the presence of the particles (Fig. 11a and S4b). Small amount of MB was removed
by the particles in the dark, mainly within the first hour, which can be attributed to the physical

adsorption (physisorption) of MB onto the particle surface.®” No significant degradation by UV

23



light in the absence of photocatalyst was observed either (less than 5% after 9 h of irradiation).
Therefore, the impact of self-degradation (photolysis) of MB could be ignored. Under UV light,
the fabricated microspheres degraded about 80% of MB in 9 h. The results shown in Fig. 10a
confirm that MB degradation was dominated by photocatalysis over physisorption or photolysis.
The photocatalytic activity of the microspheres was low compared to the results obtained using
other composite materials,*® probably due to low loading of TiO> in the microspheres.

The produced particles could easily be recovered and reused, which is an important feature for
industrial application.®® As shown in Fig. S5, the encapsulated TiO2 can be separated from the
treated water by gravitational sedimentation once stirring was stopped. On the other hand, non-
encapsulated TiO2 nanoparticles remained suspended in water due to their very low primary size
of 20 nm. To check recyclability of encapsulated TiO2, the used microspheres were collected
after each cycle, washed with distilled water and acetone and left to dry in the air. The recovered
particles were then mixed again with the fresh dye solution of the same initial concentration (1
ppm) and irradiated by UV light for six hours. The absorption spectra of the samples were
recorded after each cycle. As shown in Fig. 11 (b), nearly the same degradation efficiency of MB
was achieved in each cycle: 65.1%, 65.3%, 66%, 65.5%. These results reveal that polymer

particles embedded with TiO2 can be used as an efficient recyclable photocatalyst.
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Figure 11. (a) Photocatalytic degradation of MB under UV irradiation in the presence of the
produced composite microspheres (photocatalyst/UV) and the two control experiments (no
photocatalyst/UV and photocatalyst/no UV); (b) The efficiency of photodegradation of MB after
6 h under UV light in the presence of the composite microspheres and over four cycles. The
average degradation efficiency was 65.4 % with relative standard deviation of 0.43 %.

When 10 mg of pure TiO> nanoparticles were added into 80 mL of 1 ppm solution of methylene
blue, the dye degradation efficiency under the same UV irradiation was 40, 85 and 100 % after

30, 60 and 90 min of photocatalysis, respectively.

Conclusion

Novel monodispersed poly(HDDA)/TiO, microspheres with controlled size and internal
morphology comprised of 0.5 wt% TiO, embedded in a poly(HDDA) matrix were fabricated by
microfluidic emulsification and on-the-fly photopolymerisation. The inclusion of TiO: increased
the thermal degradation temperature of the polymer by 25°C. The produced microspheres
achieved a photocatalytic degradation of methylene blue under UV light and could easily be

recycled without any deterioration of the catalytic activity.
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Microcapsules consisted of agueous cores embedded within a composite polymer matrix were
also prepared. The entrapment efficiency of 100% was achieved when calcein was added in the
core liquid. The shell thickness and the number of cores were controlled by varying the fluid
flow rates during drop generation, which allowed to adjust the loading capacity of the
microcapsules and their UV protection ability and mechanical stability. The capability to
uniformly embed TiO> nanoparticles within the polymeric shell opens up exciting possibilities
for manufacturing bifunctional microparticles in which core and shell regions are associated with
different functionalities. For instance, the polymer shell can serve for sensing chemical cues in
the external solution or UV shielding, whereas the core region can be used for the storage of UV-
sensitive or volatile materials. The release of encapsulated material can be triggered by rubbing
the capsules. The capsules can also be loaded with phase change materials and used for thermal

energy storage.
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TOC Graphics

Polymer shell
with embedded

Micrograph of monodispersed poly(1,6-hexanediol diacrylate)-based polymer microcapsules
with TiO2 nanoparticles embedded in the shell with high photocatalytic activity and easy
separation.
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