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ABSTRACT: We report a Lego-inspired glass capillary micro-

fluidic device capable of encapsulating both organic and aqueous : o ‘ ' o
phase change materials (PCMs) with high reproducibility and -@ H -
100% PCM yield. Oil-in-oil-in-water (O/O/W) and water-in-oil- 6 ‘ ’ ‘ ’ o
in-water (W/O/W) core—shell double emulsion droplets were |
formed to encapsulate hexadecane (HD, an organic PCM) and salt %
hydrate SP21EK (an aqueous PCM) in a UV-curable polymeric =
shell, Norland Optical Adhesive (NOA). The double emulsions e . : ; }

) X i i | ego _Jn_spl . PCM microcapsules with  PCM microcapsules with
were consolidated through on-the-fly polymerization, which  microtuidic device hrerate core, 10 core, and shell thi particie i
followed thiol-ene click chemistry for photoinitiation. The particle
diameters and shell thicknesses of the microcapsules were controlled by manipulating the geometry of glass capillaries and fluid flow
rates. The microcapsules were monodispersed and exhibited the highest encapsulation efficiencies of 65.4 and 44.3% for HD and
SP21EK-based materials, respectively, as determined using differential scanning calorimetry (DSC). The thermogravimetric (TGA)
analysis confirmed much higher thermal stability of both encapsulated PCMs compared to pure PCMs. Polarization microscopy
revealed that microcapsules could sustain over 100 melting—crystallization cycles without any structural changes. Bifunctional
microcapsules with remarkable photocatalytic activity along with thermal energy storage performance were produced after the
addition of 1 wt % titanium dioxide (TiO,) nanoparticles (NPs) into the polymeric shell. The presence of TiO, NPs in the shell was
confirmed by higher opacity and whiteness of these microcapsules and was quantified by energy dispersive X-ray (EDX)

spectroscopy. Young’s modulus of HD-based microcapsules estimated using micromanipulation analysis increased from 58.5 to 224
MPa after TiO, incorporation in the shell.

KEYWORDS: phase change material, hydrated salt, microencapsulation, microfluidics, latent heat storage, photocatalysis,
core—shell microcapsules

1. INTRODUCTION

Over the past few years, COVID-19 pandemic and global
conflicts have disrupted fossil fuel supplies, which provoked a
disparity between energy need and delivery. In this context, the
best policy to surmount the energy crisis would be the
unification of energy resilience and renewable energy storage
technologies. As yet, various thermal energy storage
technologies have been developed, including sensible heat
storage through a temperature gradient, latent heat storage
through phase change materials (PCMs), and chemical energy
storage through chemical reactions.'" PCMs are attractive due
to their high energy storage density and the ability to reversibly
absorb and release a tremendous amount of thermal energy at
a nearly constant temperature. In particular, solid—liquid
PCMs are appealing due to negligible volume change during
phase transition, high latent heat, and the optimum range of
phase change temperature for the majority of applications.
Unfortunately, pure solid—liquid PCMs are prone to leakage
when they undergo a solid—liquid phase transition. Further-
more, the majority of pure PCMs can experience additional

problems during handling and phase change, such as low
thermal conductivity, supercooling, phase separation, evapo-
ration, and corrosion,” which necessitate their modifications.
Hence, several techniques for the confinement of PCMs at
nanoscale and microscale (core—shell encapsulation, porous
confinement, composites, etc.) were suggested to overcome
the abovementioned issues with pure PCMs.
Microencapsulation technology offers effective solutions to
the inherent problems associated with pure PCMs. It is mainly
achieved through suspension polymerization, Pickering
emulsion polymerization, interfacial polymerization, in situ
polymerization, complex coacervation, ionic gelation, and a
sol—gel process.” However, these encapsulation techniques are
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based on classical emulsification processes that entail top-down
emulsifying machines such as sonicators, high-shear rotor—
stator machines, or high-pressure homogenizers."”> In these
processes, the PCM emulsion is produced using high energy
input and the resulting emulsion, often containing submicron
droplets, is then dispersed in the continuous phase. In the
second emulsification step, the energy input must be kept
rather low to minimize the unintentional release of PCM
droplets which is, however, to a certain extent unavoidable.
Since top-down emulsification processes involve the breakup of
large droplets into smaller ones, these processes are energy-
intensive with low encapsulation yields, and the resulting
droplets are highly polydispersed.” Thus, microcapsules
formed from such emulsions are poorly controlled in size,
structure, and functionality. Wide droplet size distribution of
both inner and outer droplets prepared using conventional
methods can lead to low batch-to-batch reproducibility of the
process and that precludes widespread use of these techniques.
In addition, conventional encapsulation processes are often
multistage and protracted (reaction time ~ 24 h).”®

Droplet microfluidics can circumvent the anomalies of the
bulk emulsification process and generates monodispersed
microcapsules with well-defined morphologies. In particular,
PDMS chips and disposable glass capillary devices have been
extensively explored in PCM microencapsulation.” Capillary
microfluidics was introduced in Weitz’'s lab at Harvard
University,' "' but the first successful microfluidic encapsula-
tion of PCM (n-octadecane) in a polyurea shell was performed
by Lone et al.'* using tubular microfluidics. Soon after, Fu et
al."” employed a coflow microfluidic device to produce elastic
microcapsules made of silicone as a shell and n-hexadecyl
bromide (PCM) as a core. Han et al.'* reported a capillary
microfluidic route for the synthesis of poly(ethylene glycol)
diacrylate (PEGDA) microcapsules containing hexadecane
(HD), and Hao et al."” followed the same procedure to
encapsulate paraffin wax Rubitherm RT2S into a calcium
alginate shell.

Although all of these microfluidic devices offer reliable
encapsulation and uniform droplets, they are difficult to
fabricate and lack the operational flexibility needed to
encapsulate a diverse variety of PCMs. In traditional disposable
glass capillary devices, needles and capillaries are permanently
glued on a microscope glass slide using epoxy glue, and hence
readjustment of inner caépillaries during the microfluidic
process is not possible.'¥'® This restricts bespoke tuning of
the microcapsule structure. In addition, fabrication of tradi-
tional glass capillary devices is cambersome since a minor error
in capillary alignment or positioning makes the entire device
unserviceable. On the other hand, PDMS channels are
sensitive to swelling by organic liquids and their fabrication
relies on photolithographically defined silicon master molds,
which are very expensive to manufacture.'”

In this paper, we report a Lego-inspired microfluidic device
for the generation of double emulsion droplets and
simultaneous on-the-fly UV polymerization to form PCM
microcapsules, allowing precise control of PCM loading and
particle architecture. The device is composed of coaxial glass
capillaries and computer numerical control (CNC)-milled
blocks that can be connected and taken apart using a Lego-
inspired Stud-and-Tube system. The effectiveness of the new
device was shown by the robust encapsulation of PCMs using a
Norland Optical Adhesive (NOA), a cheap yet unexplored
UV-curable shell material. This nonacrylate photopolymer

cured via the thiol-ene “click” reaction was chosen due to the
stringent environmental regulations related to acrylates and
formaldehyde-based (melamine-formaldehyde/urea-formalde-
hyde) resins. Two different PCMs, i.e., hexadecane (HD, an
organic PCM) and salt hydrate (SH) SP21EK (an aqueous
PCM), were chosen due to their high melting enthalpies of 240
+ 2 and 142+ 2 J/g respectively, at a phase change
temperature of 20 + 2 °C. A high degree of control over
PCM loading, microcapsule diameter, and the thickness of the
microcapsule shell was demonstrated to underline the
versatility of the device for the very first time. Lastly, we
developed an easy technique to incorporate TiO, nanoparticles
(NPs) in the shell and produce multifunctional PCM
microcapsules, which concurrently show thermal energy
storage and photocatalysis abilities.

2. EXPERIMENTAL SECTION

2.1. Materials. For the synthesis of microcapsules, a UV-curable
polymer, Norland Optical Adhesive (NOA 81, Norland Products Inc.,
New Jersey, curing time 10 s), was used as a shell material. NOA is a
proprietary adhesive constituted of triallyl isocyanurate and mercapto-
ester. To reduce its viscosity, it was diluted with acetone (Sigma-
Aldrich) in an NOA:acetone mass ratio of 80:20 and utilized as a
middle phase. An organic PCM, hexadecane (T,, ~ 20 °C, 99%
purity, Sigma-Aldrich), and an inorganic PCM, SP21EK, a
commercial salt hydrate (SH) product, probably based on calcium
chloride hexahydrate (T, ~ 21 °C, Rubitherm Technologies GmbH,
Germany) were used as core materials (inner phases). The outer
phase was an aqueous solution of 30 wt % glycerol (Alfa Aesar, 99+ %
purity) and 2 wt % poly(vinyl alcohol) (PVA) (31,000—50,000 mol/
g, Sigma-Aldrich). Glycerol was used for viscosity adjustment and
PVA was the stabilizer for double emulsion droplets. Titanium dioxide
nanopowder (anatase TiO,, Kronos vlp 7000) was chosen as a
photocatalyst and was dispersed in the middle phase in some
formulations. All chemicals were used without further purification.
The experimental conditions used for the preparation of various
samples of PCM microcapsules are shown in Table 1.

Table 1. Flow Rates of Phases and Capillary Tip Diameters
Used for Preparing Various PCM Microcapsule Samples

capillary tip diameter

flow rate of phase (mL/h) (um)
inner middle outer injection collection
sample (Q) (Qu) (Qo) (Dy) (Do)
HD-MC1 1.5 1.5 20 50 200
HD-MC2 1.5 1.5 20 100 400
HD-MC3 1.5 1.5 20 200 500
HD-MC4 0.75 1.5 20 100 400
HD-MCS 3.0 1.5 20 100 400
HD-MC-TiO, 3.0 1.5 20 100 400
SP21EK-MC 1.5 1.5 20 100 400

2.2, Experimental Equipment and Procedure. 2.2.1. Capil-
laries. Borosilicate round capillaries (World Precision Instruments,
U.K.) with ID/OD 1.56/2.0 and 0.58/1.0 mm were used as outer and
inner capillaries, respectively. The inner capillary tube was pulled from
the middle using a P-97 micropipette puller (Sutter Instruments) and
separated into two capillaries, i.e., injection capillary and collection
capillary. The tips of both capillaries were adjusted to the desired
orifice diameter by grazing over a sandpaper. The orifice diameters
were measured using an MF-830 Microforge (Narishige).

2.2.2. Lego Blocks Fabrication. Two interlocking Lego blocks of
polyoxymethylene (density 1410 kg/m®) were devised using Solid-
Works program (Dassault Systémes) and fabricated using an
automated CNC milling machine (HAAS Automation, model Super

https://doi.org/10.1021/acsami.3c00281
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(b) b Qo

n.IQ
8,
L

-

Figure 1. (a) Schematic diagram of the microfluidic test rig setup (1: syringe pumps, 2: light diffuser, 3: LED lights, 4: Lego microfluidic device, S:
camera, 6: UV light chamber, 7: microcapsule collection, 8: computer); (b) Lego microfluidic device with stainless steel connectors (a, b—medical
tubing, ¢, d—glass capillaries); and (c) schematic cross-sectional view of core—shell droplet formation.

Mini, Norwich, U.K.). The design of Lego blocks and the device are
shown in Figures SI and S2.

2.2.3. Microfluidic Test Rig. A bespoke reconfigurable rig was set
up for easy and steady production of PCM microcapsules (Figures la
and S3). The Lego device was placed on the holder mounted on a
linear translation stage that can be moved precisely using a
micrometer to bring the capillaries into focus. The monochrome
camera (DMK 33UX287) equipped with a TMN 1.0/50 lens (1x)
was used to observe the droplet generation process. To capture high-
resolution images, an LED light panel (48 LED lights, 12 V) and a
light-diffusing acrylic sheet were mounted behind the device. The
inlets of the middle and outer phases in the device (inlets a and b in
Figure 1b) were closed by metal connectors attached to polyethylene
tubing (ID/OD 0.86/1.52 mm, Smiths Medical, U.K.). The tubings
were prefilled before connecting to the device to prevent air bubbles.
The inner capillaries were tightened in their respective blocks by
screwing metal connectors with O-rings in inlets ¢ and d. The liquid
phases were pumped using syringe pumps (Harvard Apparatus 11
Elite, UK.) from 10, 25, and S0 mL SGE glass syringes (Sigma-
Aldrich, UXK.). The microfluidic process was recorded using the IC
Capture (V2.5, Imaging Source GmbH, Germany) software and the
movie editing and particle size distribution analysis were carried out
using the Image] program.

Core—shell droplets were generated by counter-current flow
focusing of a coaxial jet consisting of PCM and NOA streams
(Figure S4). Flow rates were chosen to maximize the loading of PCM
while maintaining a stable production of droplets. Core—shell
droplets formed in the collection capillary were passed through a
UV chamber (45 cm X 20 cm X 25 cm) in a 50-cm-long polyethylene
tube to be polymerized “on-the-fly” using two parallel tubular UV
lamps (8 W, 220 V) emitting UV-A radiation. The solid micro-
capsules were collected at the outlet of the UV chamber, washed
several times in order to remove PVA and other impurities, and
allowed to dry naturally. A high-quality free-flowing final product is
shown in Movie S1.

2.3. Characterization of Microcapsules. Morphological imag-
ing of microcapsules was performed using scanning electron
microscopy (FEG SEM Jeol 7100) equipped with a hot Schottky
field-emission gun. An electron beam operated at 7—10 kV was
directed onto the sample surface through a vacuum chamber. Energy
dispersive X-ray (EDX) spectroscopy with a silicon nitride drift
detector was used in combination with SEM for elemental analysis of
the shell. Prior to SEM and EDX analysis, all samples were gold-
sputtered under a high vacuum.

Thermal energy storage performance was determined using a
differential scanning calorimeter (TA Instruments, model Q20) with a
heating/cooling rate of S °C/min under a nitrogen atmosphere. The
thermal cycle span was kept from 0 to 30 and —15 to 60 °C for HD-
and SH-based microcapsules, respectively. Thermal stability of

microcapsules was investigated using a thermogravimetric analyzer
(Mettler Toledo TGA/DSC 1 STAR system). A sample was taken in
a platinum pan and placed in a furnace. The temperature of the
furnace was raised from 35 to 700 °C in a nitrogen environment at a
constant rate of 10 °C/min.

Thermal recyclability of the microcapsules was investigated
through thermo-optical observation of the phase transition using a
polarizing microscope (Eclipse LV100ND, Nikon, Shinagawa, Tokyo,
Japan). The temperature was altered with a temperature-controlled
stage (LTS 420, Linkam Scientific, Tadworth, U.K.). The polarizing
microscope allows for visualizing phase transitions in the sample via
the color change. Samples were embedded in a mucoadhesive Mowiol
(Carl Roth, Karlsruhe, Germany) to prevent the movement of the
capsules during heating and cooling. To investigate the thermal
reliability of microcapsules, each sample was subjected to 100
crystallization—melting cycles in the temperature range of 5—30 and
0—40 °C for HD and SP21EK-based microcapsules at constant
cooling/heating rates of S0 °C/min. In-between, the temperature was
held constant for 20 s, allowing all capsules to crystallize/melt. For
each cycle, one picture was taken in solid and liquid states.

The mechanical properties of the produced microcapsules were
investigated using a micromanipulation technique based on the
procedure explained elsewhere.'® Briefly, the technique was based on
compression of a single microcapsule using a borosilicate glass probe
(ID/OD 0.58/1.0 mm). The glass probe position was adjusted using a
high-resolution micromanipulator (+0.2 ym) and the compression
speed of 20.0 ym/s was kept constant to compress 30 capsules of each
sample against a fixed tempered-glass surface. A side-view camera
(10x, DinoEye C-Mount Camera, U.K.) was mounted to record the
process. The compression process was carried out under a
semiautomatic mode, which allowed the probe to come back to its
original position after the completion of compression.

Photocatalytic performance of microcapsules with TiO,-embedded
shells was investigated by monitoring the degradation of methylene
blue (MB) dye under UV light."? Initially, 1 g of microcapsules was
dispersed in 100 mL of 1 ppm MB solution in a glass beaker and
placed in a dark room to achieve an adsorption equilibrium. The
suspension was then exposed to UV irradiation for 1 h. During this
period, 1 mL of the solution was withdrawn every 15 min and its
absorbance was measured at a wavelength of 665 nm using a UV—
visible spectrophotometer (Thermo Scientific NanoDrop One C).
The rate of degradation (D) was calculated using the equation

£ % 100

4 (1)

where A; and A are the initial and final absorbance, respectively.

A —A
%D =" _—f
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3. RESULTS AND DISCUSSION

3.1. Synthesis Strategy of Microcapsules. The Lego-
inspired microfluidic device is shown in Figure 1b. The device
consists of two tapered-end round capillaries arranged with the
tips facing each other in one bigger round capillary. The inner
diameter of the big capillary (1.56 mm) is slightly larger than
the outer diameter of the inner capillaries (1 mm). In
comparison to conventional glass capillary devices, where
round capillaries are arranged in an outer square capillary, this
configuration allows for round-inside-round capillary geome-
try.”>*! The main benefit of the Lego device is the reduction of
the setup time from 1 h to several minutes. Additionally, the
capillaries can be cleaned and reused in case of a blockage. The
inner PCM phase was delivered through the left injection
capillary. The middle NOA polymer phase was injected
through the annular space between the injection capillary and
the big capillary. The outer phase was injected from the
opposite side through the annular space between the collection
capillary and the big capillary. The NOA middle phase
encapsulates the inner PCM droplet as it leaves the injection
capillary, and core—shell droplets are formed in the entry
region of the collection capillary. The droplet generation rate
was 3350 drops/min (Figure 1c).

The droplets remained stable until the polymerization was
completed only when a polymeric PVA surfactant was used. In
contrast, short-chain surfactants such as polysorbate 20
(Tween 20) and sodium lauryl sulfate (SLS) were not effective
in stabilizing the droplets. It seems that the steric hindrance of
the polymer chains adsorbed at the liquid interface can more
efficiently prevent contact of the interfaces and therefore
inhibit the breakdown of the liquid NOA shells before
polymerization.”” This is in accordance with our previous
works showing that PVA is a superior stabilizer for polymeric
droplets generated in microfluidic devices.”>**

NOA is cured via the reaction between a mercapto-ester and
triallyl isocyanurate that follows thiol-ene click chemistry for
photoinitiated polymerization.”® Unlike chain propagation in
acrylic monomers, it proceeds through a radical step-growth
mechanism (Figure 2).

Light absorption p —> p*

Initiation P* + R—§—H —> R-=S* + P—H*

Propagation R=S* + CH,=CH—CH,R —> R'—S—CHQ—C.H—CHQR

R—=§-CH,—~CH—CH,R+ R—S—H — R=S—CH,—~CH,~CH,R + RS

Termination R-S* + R—§* —>» R—=S—S—R'
2R=S=CH,—CH—CH,R —> R=S—CH,—CH—CH,R
R'-=S—CH,—CH—CH,R
R=S* + R=8~CH,~CH-CH,R—> R=S-CH,—CH-CH,R
R-S

Figure 2. Schematic showing the plausible reaction of thiol-ene UV-
initiated polymerization by a radical step-growth mechanism.

First, the photoinitiator (P) dissociates under UV light and
forms an excited species (P*). P* combines with the thiol
group by hydrogen abstraction and produces the thiyl radical
(R'=S*®). Second, the thiyl radical addition to the allyl group
forms the thioether carbon radical (R'—S—CH,—CH—CH,R)
as an intermediate step. It then generates an additional thiyl
radical via hydrogen abstraction, thus propagating the
polymerization via an anti-Markovnikov addition. Due to the
presence of oxygen, it produces a peroxy radical, which causes
a chain-transfer reaction with thiol and gives an oxygen
addition product and propagating thiyl radical. Lastly, the
termination of the reaction happens by recombination between
the thioether carbon and thiyl radicals.”®

3.2. Droplet Generation Regimes. The drop breakup in
capillary devices can proceed in two distinct regimes: (i)
dripping regime, due to absolute jet instability in which jet
perturbations cause drop pinch-off at a fixed downstream
location and with a constant frequency determined by the
properties of the system, forming monodisperse droplets and
(i) jetting regime, where drop generation is a result of
convective instability, which is caused by slight imperfections
of the laminar flow at the pinch-off. These imperfections lead
to perturbations at the interface that evokes oscillations leading
to drop breakup. As a result of this breakup mechanism,
polydisperse droplets form at varying breakup points.”* The
drop formation mechanisms are dictated by a trade-off
between inertial, viscous, interfacial, and gravitational
forces.'””” These forces are affected by the physical properties
of the phases presented in Table 2.

Operating a microfluidic device within the dripping regime
has remained a major challenge. The mode of drop formation
can be adjusted by changing the fluid properties (e.g., viscosity
and interfacial tension) and the flow rates that will affect the
capillary number of inner phase (Ca;), middle phase (Ca,),
and outer phase (Ca,)

A

Gim Gmo GmO

)

where V; = 4Q/(nD}), V,, = 4Q,/[#(D§; — D), and V,, =
4Q,/[n(D} — D?%,)]. Here, V,, V,, and V, stand for velocities
of inner, middle, and outer phases, respectively, u;, y.,, and i,
are viscosities of these fluids, Dy; is the ID of the big (outer)
capillary tube, and D, is the OD of the inner capillary tube
(Figure S4). The drop formation regime also depends on the
orifice diameters, with higher D;/D; values favoring the
dripping mode. These parameters can be grouped in a single
dimensionless parameter

Cal2* D.
é’CEl culate: = 17 i
Iculated Ca3{254 Cacl,'lz D, (3)

One property that shows large variations depending on the
drop generation regime is D,/L, where D, is the outer droplet
diameter and L is the breakup length (distance between the
orifice tip of the injection capillary and the location of drop

Table 2. Physical and Interfacial Properties of the Inner, Middle, and Outer Phases for HD-Based Microcapsules at 25 °C

phase viscosity y (Pa-s)
inner phase (HD) 0.0033
middle phase (80% NOA + 20% acetone) 0.0119
outer phase (30% glycerol + 2% PVA + 68% water) 0.0047
D

interfacial tension 6 (mN/m)

density p (kg/m?)

773 O = 63
1176 Omo = 9.2
1078 6, = 49.8

https://doi.org/10.1021/acsami.3c00281
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_008.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) 10
x of
A
Dripping
T 10°-
k=
-]
o
@©
e . Jetting = HD-MC1
o 1074 e HD-MC2
A HD-MC3
¢ HD-MC4
» HD-MC5
10* . .
10* 10° 10° 10

¢ (Experimental)

(b) 350
300 - 74

)

(]

% 250

S

2

S 200-

A HD-MCH
150 - e HD-MC2

Ao HDMC3
100 T T T T
100 150 200 250 300 350

D2 (Experimental)

Figure 3. (a) Comparison between the experimental { values determined from eq 4 and the { values calculated from eq 3 for samples of HD
capsules in Table 1. The dripping regime occurs at { > 5 X 10°, while jetting prevails at ¢ < 5 X 10°. (b) Comparison between the D, values

calculated from eqs S and 6 and the experimental D, values.

Dzsw =127 pm
SD =1.76 ym
CV =0.48%

140 160 130 200 220 40 X0 2080 W
Particle diameter (pm)
Dzswe =248 ym
SD =1.22pm

CV =0.49%

140 180 180 200 220 260 200 280 300

Particle diameter (um)

Dzag =294 pm
SD =0.94 ym
CV=032%
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Particle diameter (um)

Figure 4. Variation of particle diameters of HD-loaded microcapsules at constant flow rates of Q; = 1.5 mL/h, Q,, = 1.5 mL/h, and Q, = 20 mL/h:
(al) D; = S0 ym and D = 200 yum (HD-MC1); (b1) D; = 100 gm and D = 400 ym (HD-MC2); (c1) D; = 200 ym and D; = 500 um (HD-
MC3). (a2, b2, c2) Bright-field microscopy images of the generated microcapsules and (a3, b3, c3) are their size distributions, respectively.

pinch-off).”” In the dripping regime, D,/L is close to unity,
while in the jetting regime it has a much smaller value. The
parameter { defined by eq 3 can be determined from
experimental D,/L values using eq 4

1.85
=57 X 106(&)
L (4)

In Figure 3a, we tested if { can be applied to predict the exact
regime of drop formation within our Lego device. In traditional
round-in-square capillary geometry,”” double emulsion drop-
lets form in the dripping mode when log { > 5.7, i.e,, { > 5 X
10°, while the jetting mode is prevalent for log { < 5.7. The
data points corresponding to five samples of HD capsules in
Table 1 are relatively close to the diagonal line, which confirms
a good match between the { values determined from eqs 4 and
3. All { values are much higher than the critical { value,

Cexp erimental

verifying that core—shell droplets were indeed formed in the
dripping regime.

We expanded our investigation to elucidate whether droplet
diameters D, could be predicted from fluid flow rates. In the
dripping regime, the velocities of all fluid streams at the inlet of
the collection capillary are approximately the same,'® which
means that the flow rates are proportional to the correspond-
ing cross-sectional areas

2
Qi + Qm — Dj
Q, D — D?

ci j

(5)

where D; is the diameter of a compound jet composed of two
coaxial liquid streams, which can be related to the resultant
droplet diameter as follows

D, = kb (6)
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Figure 5. Formation of core—shell droplets with different shell thicknesses at D; = 100 um, D; = 400 m, and flow rates: (al) Q; = 0.75S mL/h, Q,,
=15 mL/h, Q, =2 0 mL/h (HD-MC4); (b1) Q; = 1.5 mL/h, Q,, = 1.5 mL/h, Q, = 20 mL/h (HD-MC2); (c1) Q;=3 mL/h, Q,, = 1.5mL/h, Q, =
20 mL/h (HD-MCS). (a2, b2, c2) and (a3, b3, c3) are the corresponding bright-field microscopy images of the generated microcapsules at 4X and

10X magnifications.

where k is the proportionality constant that is a function of the
maximum jet instability (in): k = (37/2in)"/3. The maximum
jet instability depends on the viscosity ratio (Uegective/Ho)s
where fogeqive IS the effective jet viscosity of the mixture of
inner and middle phases and p, is the outer phase viscosity.
Since Q;/Q,, remains unchanged for the samples HD-MCl,
HD-MC2, and HD-MC3, the viscosity ratio Hegective/Ho
becomes constant.'”** Therefore, these three samples can be
used to test eq 6. Comparison of the experimental D, and D;
values for samples HD-MC1, HD-MC2, and HD-MC3 using
eq 6 showed that k & 1.69. The calculated k value differs from
1.87 found by Utada et al.,'’ which is probably due to different
phases used in their study. As shown in Figure 3b, the D,
values calculated using eqs 5 and 6 are in excellent
correspondence with the experimental D, values.

3.3. Morphology Control of Microcapsules. To confirm
that the size of PCM microcapsules can be controlled by
adjusting the orifice diameter of the injection and collection
capillary tubes, HD-loaded microcapsules were produced at
constant flow rates (Q; = 1.5 mL/h, Q,, = 1.5 mL/h, and Q, =
20 mL/h), but the orifice diameters were varied from D, = 50
and D = 250 um (MC-HD1) to D; = 100 and D = 400 um
(MC-HD2), and to D;; = 200 and D = 500 yum (MC-HD3).
The produced droplets and microcapsules and their size
distributions are shown in Figure 4 and Movie S2. It should be
noted that droplets in the collection capillary appear elliptical
due to optical distortion caused by the cylindrical surface of
the outer capillary.

The uniformity of the microcapsules was determined by
calculating the coefficient of variation (CV)

(dy = &) )“ ’

n—1

. (=4
CV (%) = == X 100

d (7)

n

where s is the standard deviation of particle sizes, d; is the
outside diameter of the ith particle, and d, is the number-
average outside diameter. When increasing the orifice diameter
of the collection capillary (D) from 200 to 500 um, the mean
diameter of the capsules increased from 127 to 294 um,
confirming the trend observed earlier.”” When Dj and D had
the smallest values of S0 and 200 gm (HD-MC1), the PCM
microcapsules had the average diameter of 127 ym (Figure
4a3). Since Q;,, Q.,, and Q, were kept constant, under these
conditions, the flow velocity of the outer phase at the entrance
of the collection capillary had the maximum value, which
caused the highest drag force at the interface between the outer
and middle phases and the jet had the maximum velocity and
minimum thickness. As a result, smallest droplets were
produced at the highest frequency, which is apparent by the
smallest spacing between the neighboring droplets in Figure
4al. The same conclusion can be drawn from Movie S2. For
the higher D; and D,; values of 100 and 400 ym (HD-MC2),
the average diameter of microcapsules was 248 um (Figure
4b3). When the orifice diameters (D;; and D;) increased to the
final values of 200 and 400 ym (HD-MC3), the average
particle diameter was further increased to 294 um (Figure
4¢3). The CV values are 0.32—0.49%, thus much less than 3%,
which is considered as the maximum CV value for
monodispersed particles. Monodispersed PCM microcapsules
are preferred since they exhibit uniform heat storage capacity
and uniform heat transfer behavior and mechanical properties.
Also, monodisperse particles offer minimum resistance to fluid
flow if they form a fixed bed on the solid substrate.

Next, we sought to understand the effect of the PCM flow
rate (Q;) on the shell thickness of the microcapsules. An
increased thickness of the shell is an easy way to increase the
thermal and mechanical stabilities of PCM microcapsules.
Thin shells may be broken under mechanical or thermal stress
and cause leakage of the PCM, thereby reducing the product
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Figure 6. SEM micrographs of HD-loaded microcapsules at different magnifications prepared at orifice diameters D; = 100 ym and D = 400 ym
and flow rates: (al, a2) Q; = 0.75 mL/h, Q,, = 1.5 mL/h, Q, = 20 mL/h (HD-MC4); (b1, b2) Q, = 1.5 mL/h, Q,, = 1.5 mL/h, Q_, = 20 mL/h (HD-
MC2); (c1, 2) @ =3 mL/h, Q, = 1.5 mL/h, Q, = 20 mL/h (HD-MCS); and (a3, b3, c3) corresponding shell thicknesses after microtome

cutting.

durability. However, excessive shell thickness decreases the
PCM loading and heat storage capacity of the microcapsules.
The shell thickness of core—shell droplets with an outer
diameter d, can be predicted by the mass balance equation of
the droplet formation process

p Q -1/3
5d:—°1—[1+—m]
2

‘ (8)
For a constant orifice size, the droplet diameter d, mainly
depends on Q, and Q,,. Therefore, for constant Q,, and Q,, the
capsule size will be mostly unaffected, and the shell thickness
can be controlled by changing Q,, with higher Q; values leading
to thinner shells according to eq 8. To demonstrate this
feature, Q; was varied from 0.75 mL/h (HD-MC4) to 1.5 mL/
h (HD-MC2) to 3 mL/h (HD-MCS), while keeping Q,,, = 1.5
mL/h, Q, = 20 mL/h, D; = 100 pm, and D, = 400 ym
constant. The bright-field micrographs of the resulting
microcapsules shown in Figure 5 confirm that D, remained
nearly the same (250—280 pm), but the shell thickness was
significantly smaller at higher Q; values, as predicted by eq 8.

SEM was used to study the surface morphology of the
microcapsules, while their shell thicknesses were accurately
measured using SEM microtomy. Surface morphology is
closely related to the dispersibility, flowability, adherence
behavior, and attrition resistance of particles and is therefore
essential in the quality assessment of the PCM microcapsules.
As shown in the SEM images in Figure 6, the prepared
microcapsules had a regular spherical shape with a narrow
particle size distribution and without any interparticle bridges,
which can be attributed to the robust emulsification process

and rapid on-the-fly polymerization. From the magnified SEM
images in Figure 6a2, b2, c2 and optical microscopy images
(Figure SS), it can be seen that the microcapsules exhibit a
smooth and compact surface without dimples despite the high
vacuum applied during the preparation of samples. No surface
impurities or clustered particles were found, confirming the
shell material was completely polymerized. In addition, the
microcapsules can flow freely, with no sign of stickiness due to
particle—particle adhesion (Movie S1).

The shell thickness of microcapsules measured after
microtome cutting decreased from 41.1 to 25.8 to 19.5 um
in Figure 6a3,b3,c3 and was similar to the values predicted
from the mass balance of the microfluidic process. The smallest
shell thickness of 19.5 um (Figure 6c3) was achieved at the
highest inner phase flow rate of 3 mL/h corresponding to the
Q,/Q,, ratio of 2. With a further increase in acetone content in
the NOA phase and a fine adjustment of fluid flow rates, we
believe that the shell thickness can be reduced below 19 ym
and subsequently, PCM loading can be further improved.
Close inspection of the cross section of the dried micro-
capsules in Figure 6a3,b3,c3 revealed a dense polymeric shell,
indicating that evaporation of acetone from the middle phase
did not cause any porosity within the NOA shell.

Movie S3 shows the dependence of the shell thickness on
the inner phase flow rate, which is in good agreement with
previous studies on similar double emulsion systems.”””" This
relationship can also be understood from the basic mass
balance equations of the process. The volume flow rate of the
core material (HD) is

V.=Q, )
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Figure 7. DSC thermogram of (a) pure HD, HD-MC2, HD-MC4, and HD-MCS and (b) pure SP21EK and SP21EK-MC.

The volume flow rate of pure NOA (shell-forming material) is

V,=Q,(1-1) (10)
where v, is the volume fraction of acetone in the middle phase
given by

Pm
—X
A

Y

(11)
where py; and p, are the densities of the middle phase (NOA/
acetone mixture) and pure acetone, respectively, and x, is the
weight fraction of acetone (0.2). The volume fraction of HD in
microcapsules is given by

) [ ]3 (12)

VoV
By combining eqs 9, 10, and 12, the core diameter (d;,) of
microcapsules can be calculated based on the capsule diameter
D,, flow rates Q; and Q,,, and volume fraction of acetone

N 1/3
Q,+Q(1- Va)] (13)

The shell thickness of particles (5P) can be then calculated
using the equation

_Dz_di
2

The shell thicknesses of HD-MC4, HD-MC2, and HD-MCS$
calculated from eq 14 are 40.1, 25.2, and 17.5 um, respectively,
which agrees well with the values obtained from SEM images
of cross-sectioned microcapsules. This verifies that HD was
completely enclosed within the microcapsules and the
presented mass balance equations can be used to estimate
the required flow rates to accurately tune the thickness of HD
microcapsules.

Lastly, HD as an inner phase was replaced with salt hydrate
SP21EK, while keeping other experimental conditions the
same as for HD-MC2. The encapsulation of salt hydrate PCMs
(aqueous PCMs) is considered highly challenging due to their
hydrophilic nature and poor chemical compatibility with most
polymers.”” Traditional fabrication methods for encapsulating
hydrated salts are based on suspension polymerization, sol—gel
process followed by interfacial polymerization, and interfacial

V.

d.

1

D,

i 2

d,

P (14)

polymerization.”® These processes require over 6 h cycle time
and the obtained capsules are highly polydisperse with a low
encapsulation efficiency. Herein, for the first time, we report
microfluidic encapsulation of salt hydrate SP21EK in NOA. As
shown in the SEM image in Figure S6b, SP21EK micro-
capsules are compact with a regular spherical shape and
smooth surface, which indicates that SP21EK was successfully
encapsulated in NOA and PVA provided a good stabilization
of NOA droplets against coalescence. Figure S6¢ confirms that
a core—shell structure was formed during the encapsulation
process and the shell thickness of microcapsules was 26.4 ym.
The synthesized microcapsules were found to be highly
monodisperse with diameters distributed in a narrow range
of 250—260 pm.

3.4. Thermal Energy Storage Performance of Micro-
capsules. High melting enthalpy is the main requirement for
an efficient PCM. The thermal energy storage properties of
PCM microcapsules can be readily predicted using mass
balance equations of the microfluidic process. The theoretical
PCM content or encapsulation efficiency Eg., of the
microcapsules enclosing HD can be calculated from the mass
flow rates (in g/h) of HD (i), NOA (rhnoa), and acetone

(rin,)

my, = p, Q, = 0.770Q, (15)
ma = paanm = 0'7851}an (16)
mNOA = pNOA(l - va)Qm = 117(1 - Va)Qm (17)

where py, p,, and pyoa are the densities (in g/mL) of HD,
acetone, and NOA, respectively; see Table 2. If all acetone is
diffused into the outer phase and then evaporated into ambient
air, the theoretical encapsulation efficiency of HD in the
microcapsules is given by

0.770Q,

X 100%
0.770Q, + 1.17(1 — 1)Q

Etheo =
(18)
All of the microcapsule samples enclosing HD and SP21EK, as
well as pure PCMs, were analyzed using differential scanning
calorimetry (DSC) to compare the experimental and
theoretical encapsulation efficiencies of the PCM and estimate
their thermal properties. The obtained DSC thermograms are
shown in Figure 7ab and the thermal properties of the
materials are summarized in Table 3.
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Table 3. Thermal Properties of Pure PCMs (HD and
SP21EK) and PCM Microcapsules (T,, = Melting
Temperature, AH,, = Melting Enthalpy, T, = Crystallization
Temperature, AH_ = Crystallization Enthalpy, E =
Encapsulation Efficiency of PCM)

Ty AH,, T, AH, E, Eeo

sample O /9 O R ) (%)
HD 199 240 14.7 239 NA NA
HD-MC4 204 74 15.0 74 30.8 29.0
HD-MC2 20.3 111 149 110 46.2 45.0
HD-MCS 203 157 16.4 158 65.4 62.0
SP21EK 25.7 142 7.2 143 NA NA
SP21EK-MC 24.6 64 12.5 64 44.3 NA

The phase change enthalpies were estimated by calculating
the total areas under the peaks obtained during the heating or
cooling stage of a DSC cycle. The phase change temperatures
were estimated from the peak positions. The theoretical
encapsulation efficiencies (Ey,,) were calculated from eq 18,
while the experimental encapsulation efficiencies (Eexp) were
calculated from the enthalpies of pure and encapsulated PCM
using the following equation
AHm,ePCM % 100

E.p (%) =
. m,PCM (19)

where AH,, .pcy and AH, pcy denote melting (crystallizing)
enthalpies of encapsulated PCM and pure PCM, respectively.

As shown in Figure 7a, the thermogram of pure HD
exhibited a remarkable melting enthalpy of 240 J/g with a
melting temperature at 19.9 °C, confirming that HD is a good
PCM. The thermogram of the corresponding microcapsules
(HD-MC4, HD-MC2, and HD-MCS) showed a similar phase
change behavior to those of pure HD. Therefore, chemical
interactions between PCM and the shell material can be
excluded. Also, the intrinsic thermal storage and release
properties of HD during phase transition were preserved after
encapsulation. Moreover, the melting temperatures of all
microcapsule samples were very close to the value of pure HD,
which shows that the thermal storage properties indeed come
from the encapsulated HD and not from the polymeric shell.
Compared with pure HD, the melting temperatures of samples
HD-MC4, HD-MC2, and HD-MCS increased by 0.5, 0.4, and
0.4 °C, respectively, due to the thermal resistance of the shell
delaying the phase change of PCM at the applied heating ramp
and causing the melting peak to shift toward higher

temperatures. It is reasonable to expect that any difference in
temperature between the polymeric shell and the core would
disappear at very small heating rates and the melting
temperatures of encapsulated and pure HD would be the
same. The effect of shell thickness on the melting temperature
was negligible although the highest increase in melting
temperature was observed for the sample with the thickest
shell (HD-MC4). Similarly, crystallization temperatures of
HD-based microcapsules were also influenced by their shell
thicknesses. The pure HD showed a crystallization temperature
(T.) of 14.7 °C, while T, for the encapsulated HD samples was
higher (15—16.4 °C). Presumably, encapsulation of HD
increased the specific surface area, which promoted the
heterogeneous crystallization and increased the crystallization
temperature as compared to the pure HD. The sample with the
lowest shell thickness (19.5 um), i.e., HD-MCS5, exhibited an
early crystallization at T, = 16.4 °C as compared to HD-MC4
(T. = 15 °C) and HD-MC2 (T, = 14.9 °C). Lowering the
crystallization temperature could be attributed to the higher
thermal resistance of thicker HD-MC4 and HD-MC2 shells.

The experimental encapsulation efficiencies of samples HD-
MC4, HD-MC2, and HD-MCS were found to be 30.8, 46.2,
and 65.4%, while the theoretical encapsulation efficiencies are
29, 45, and 62%, calculated using basic mass balance equations.
The increase in latent heat for the samples prepared at higher
Qi/Q,, values could be attributed to a higher amount of PCM
per polymer injected. A close match between E,,, and E,,
values indicates that PCM was fully incorporated within the
capsules without any subsequent loss due to evaporation or
leakage and that all acetone from the middle phase was
removed by diffusion into the continuous phase.

The DSC thermograms of pure and encapsulated SP21EK
(denoted as SP21EK and SP21EK-MC) are shown in Figure
7b. The latent heat of pure salt hydrate estimated from the
endothermic peak was 142 J/g, while for SP21EK-MC it was
64 J/g, suggesting that the loading of SP21EK in the
microcapsules was 44.3%. For pure SP21EK, there was a big
difference between T,, and T, with a very sharp and narrow
exothermic peak, indicating a significant degree of supercooling
followed by very fast crystal nucleation from a highly
supercooled melt. The results show that encapsulation
significantly affects the supercooling behavior of SP21EK.
After encapsulation, the degree of supercooling of SP21EK
decreased from 18.5 to 12.1 °C because the large specific
surface area of the NOA shell provided numerous nucleation
sites for the crystallization of SP21EK in the core. The

Table 4. Comparison of Energy Storage Performance between Produced Microcapsules and Microcapsules Reported in the

Literature
type of PCM core encapsulation technique E (%) ref

organic PCM  caprylic acid polystyrene emulsion polymerization 45.4 35
paraffin polyurea interfacial polymerization 44.5 36
n-docosane silica sol—gel S8 37
poly(melamine-urea- decanoic acid in situ polymerization 539 38

formaldehyde)

n-tetradecane calcium carbonate self-assembly 25.86 39
n-hexadecyl bromide elastic silicone microfluidics 48.4 13
HD NOA Lego microfluidics 65.4 this work

inorganic PCM  sodium phosphate poly(cellulose acetate butyrate-co-methylene solvent evaporation 40.3 40

dodecahydrate

diisocyanate)

sodium thiosulfate pentahydrate  poly(ethyl-2-cyanoacrylate)

SP21EK NOA

precipitation
interfacial polymerization 511 41
Lego microfluidics 443 this work
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Figure 8. TGA thermograms of (a) pure HD, HD-MC2, HD-MC4, and HD-MCS and (b) pure SP21EK and SP21EK-MC.

Table 5. TGA Data of Pure HD, Pure SP21EK, and All PCM Microcapsule Samples

first stage second stage
sample onset (°C) T (°C) weight loss (%) T (°C) weight loss (%) residue (%)
HD-MC2 247 247-341 418 341-476 S1.4 6.8
HD-MC4 262 262—324 259 324—473 65.3 7.1
HD-MCs3 23S 235-341 63.4 341-478 31.0 5.6
HD 116 116—168 100 NA NA 0.0
SP21EK 110 110-231 58.3 231-496 4.4 40.3
SP21EK-MC 117 117—-359 259 359—-483 49.3 24.8

supercooling suppression can be explained by smaller energy
barriers in heterogeneous nucleation. For spherical crystal
nuclei, the free energy barrier a nucleus must overcome before
further growth is energetically favored is defined as™*

1670,
AG: = 0
C 3(Ag)2f( ) (20)
_ (24 cos O)(1 — cos 0)*
f(o) = . (21)

where oy is a solid—liquid interface free energy, @ is the
contact angle, and Ag is the melt-crystal free energy difference
per unit particle volume. From eqs 20 and 21, 8 must be low to
reduce AGc such that for the shell surface completely wetted
by PCM (6 = 0), the rate of nucleation is at maximum because
AG¢ = 0.

Thermal energy storage performance of encapsulated PCMs
from this work and previous studies are compared in Table 4.
The energy storage performance of the PCM microcapsules
synthesized was similar to or even better than previously
reported values. Therefore, a Lego device is a highly efficient
tool for the encapsulation of both organic and inorganic
PCMs.

3.5. Thermal Stability of Microcapsules. The thermal
stability of PCM microcapsules determines their maximum
operating temperature and depends on the type of PCM and
the shell material. Thus, thermogravimetric analysis was
performed to acquire the composition and thermal stability
data. The thermograms of microcapsules enclosing HD and
SP21EK are presented in Figure 8ab, respectively. The
degradation properties and ash content acquired from the
thermogram of both types of microcapsules are summarized in
Table 5.

Figure 8a (HD-based microcapsules) shows that the pure
PCM exhibited one-step degradation in the temperature range
of 116—168 °C with no residue, indicating complete
evaporation of liquid HD. On the other hand, all PCM
microcapsules (HD-MC4, HD-MC2, and HD-MCS) revealed
three degradation stages. The first stage takes place at ~230—
345 °C and is induced by the swelling of the polymeric shell
and loss of PCM due to permeation through the swelled
polymer network. The second stage assigned to melting and
thermal degradation of the NOA shell due to pyrolysis
occurred at ~320—480 °C. Lastly, the third stage with
negligible weight losses occurred at 480—700 °C due to the
polymer residue left after complete degradation. The weight
losses in the first degradation stage, 25.9, 41.8, and 63.4% for
HD-MC4, HD-MC2, and HD-MCS, respectively, were in
excellent agreement with the encapsulation efliciencies
obtained from the DSC curves (Table 3). The onset
temperature for HD evaporation was 116 °C, assuming ~5%
of initial weight loss was due to moisture. The onset
degradation temperatures of microcapsules were higher than
that of pure HD, indicating their higher thermal stabilities.
Therefore, the NOA shell proved to protect HD against the
applied temperature and delayed the release of HD. The
second-stage weight losses were due to degradation of side
groups and backbone bonds of the polymer. As the inner-to-
middle phase ratio was altered from 0.5:1 (HD-MC4) to 2:1
(HD-MCS5), the shell thickness was reduced from 41.1 to 19.5
pum, as shown in Figure 6¢. The reduced shell thickness of HD-
MCS reduced the thermal stability of this sample compared to
HD-MC4. Finally, the residual mass left at 700 °C was 7.1%
(HD-MC4), 6.8% (HD-MC2), and 5.6% (HD-MCS). A
decrease in the residual mass from sample HD-MC4 to HD-
MC2 to HD-MCS reflects smaller and smaller shell content in
the respective formulations.
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Figure 9. Polarization microscopy (thermo-optical) images showing the phase change in the core of capsules HD-MC4 and SP21EK-MC during
100 melting—crystallization cycles performed using a heating—cooling program. During melting, HD inside the microcapsule appears transparent
and light red, while the shell shows a maltese cross structure in green and yellow, indicating the ordered structure of the polymerized NOA. After
cooling, HD shows a dark green color, appearing black in the middle of the capsule where the layer thickness is highest. Scale bars show 250 ym.

The thermograms of samples SP21EK and SP21EK-MC are
shown in Figure 8b. Pure SP21EK began to lose weight at
room temperature and completely lost crystalline water
molecules to form an anhydrous salt at 231 °C. The total
weight loss was 55.3% and could be attributed to PCM
dehydration and subsequent water evaporation. The anhydrous
salt remained unburnt due to its high melting temperature.
SP21EK-MC started to degrade at 117 °C and underwent
accelerated mass loss from 359 °C due to thermal
decomposition of the shell material. Initially, the weight loss
of SP21EK-MC was smaller than that of SP21EK because the
NOA shell slowed down dehydration of the hydrated salt.
However, in the temperature range of 359—483 °C, the weight
loss of SP21EK-MC was 49.3% (due to shell decomposition),
as compared to negligible weight loss of SP21EK (since water
was already removed and NOA was not present). The residue
of SP21EK-MC left at 483 °C was 24.8% and corresponds to
anhydrous salt and a part of the NOA shell that remained
undecomposed at 700 °C.

3.6. Thermal Reliability and Leakage Performance.
Long-term exudation stability of PCM microcapsules during
thermal cycling is one of the key requirements for their
successful applications. The PCM inside microcapsules gets
melted and then crystallizes again in each thermal cycle.
Throughout the numerous cycles within the lifetime of the
product, neither the melting/crystallization temperatures
should change nor the encapsulated PCM should be released.
Thermal cycling durability and the leakage performance of
both HD and SP21EK microcapsules were studied using a

thermo-optical polarizing microscope. For HD capsules, we
selected the most fragile sample HD-MCS with the thinnest
shell that was most likely to leak. The two samples were placed
on a temperature-controlled stage to undergo 100 repeating
crystallization—melting cycles. A microscope camera with
polarizing filters was used to monitor the crystallinity of the
capsules in real time. Figure 9 displays the thermographic
images of two microcapsule samples recorded after 1st, 25th,
S0th, and 100th heating and cooling cycles. The narrow
temperature range of 5—30 °C was applied to HD-based
microcapsules as HD responds instantly to the temperature
change and crystallizes quickly with a minor supercooling (as
can be seen in the DSC thermogram in Figure 7a). On the
other hand, a bit wider temperature range (0—40 °C) was
given to the SP21EK-based microcapsules due to their inherent
tendency of supercooling.

Movie S5 shows a single representative cycle of a sample
HD-MCS recorded during polarization thermographic analysis.
Both samples show a rapid color change from red to green and
green to red for heating and cooling stages, respectively. This
phenomenon reflects a rapid thermal response of the
encapsulated PCM. Interestingly, PCM melting (transition
from green to red) occurred at nearly the same time for all of
the capsules, while crystallization showed larger time variations
between different capsules due to more stochastic nature of the
nucleation process. Furthermore, the PCM core of all samples
remained intact even after 100 cycles, proving that the NOA
shell imparted excellent mechanical stability in spite of
numerous volumetric changes of the core material during
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Figure 10. (a) SEM micrograph of TiO,-embedded HD microcapsules; (b) EDX spectrum of single microcapsule; (c) UV—visible absorbance
spectra of the stirred MB solution mixed with HD-MC-TiO, microcapsules; (d) MB degradation efficiency as a function of illumination time for
samples of pure TiO, NPs, HD-MC-TiO,, and blank microcapsules; and (e) recyclability test of the HD-MC-TiO, sample. The initial

concentration of MB was 1 ppm.

phase transitions. This confirms excellent thermal recyclability
as PCM inside the microcapsules remained unchanged after
100 cycles. Moreover, both microcapsule samples retained
their original shape and form without any morphological
change across the whole test up to 100 cycles, confirming
outstanding structural stability. These results firmly support
the good sealing tightness of the NOA shell owing to its dense
and nonporous structure as observed by SEM.

3.7. Photocatalytic Performance of Microcapsules.
Application of PCM microcapsules can be significantly
widened by imparting dual or multiple functionalities to
polymeric shells. Multifunctionality can be attained in different
ways: either the shell material itself is chosen for special
properties or an existing shell material is enhanced by adding
nanoparticles (NPs), or the morphology of the capsules is
tailored to a specific shape.”” Crystalline titanium dioxide
(TiO,) NPs have been widely researched as effective catalysts
with high reactivity and excellent selectivity in pollution
abatement applications. However, some drawbacks of TiO,
NPs such as a strong tendency to form aggregates, thereby
minimizing their surface area, and the difficulty in separating
them from the reaction system restrict their applicability.”
Immobilization of TiO, NPs in a polymeric shell combines the
advantages of catalyst recovery and reuse, high surface area,
and mechanical and thermal stabilities. TiO, NP-embedded
microcapsules were prepared at the flow rates Q; = 3.0 mL/h,
Q. = 1.5 mL/h, and Q, = 20 mL/h (Movie S6). The middle
phase contained 1 wt % TiO, and was prepared by dispersing
NPs in acetone first and then adding the suspension slowly to
the NOA phase under sonication. The SEM image in Figure
10a revealed that the obtained microcapsules are highly
monodisperse and compact. The capsules containing TiO,
NPs in the polymeric shell are opaque and white on optical
microscopy image (Figure S7) due to high refractive index of

TiO, as compared to transparent, darker capsules with a pure
NOA shell (Figure SS). Relatively uniform white opacity of the
microcapsules in Figure S7 confirms that TiO, is homoge-
neously distributed on the particle surfaces.

To quantify the TiO, content, we examined the shell of a
single microcapsule using EDX spectroscopy and determined
that the content of the Ti element in the composite shell was
0.9 wt % (Figure 10b).

The photocatalytic degradation of methylene blue (MB) was
examined as a model reaction for the potential application of
the produced microcapsules. The microcapsules were tested
against pristine TiO, and blank capsules as reference systems.
The pristine TiO, NPs showed lower degradation activity
(15.7% after 60 min) than TiO,-loaded capsules (>50% after
60 min). Very small degradation activity of blank micro-
capsules shows that MB cannot be degraded without TiO,
even in the presence of UV light and that the capsule material
itself does not contribute to the degradation of MB (Figure
10d). The small fraction of MB removed by the blank capsules
can be explained by physisorption of MB onto the shell
material. This hypothesis was supported by the fact that no
change in degradation activity was observed in the dark and
under UV light for the blank microcapsules. On the other
hand, TiO,-embedded capsules showed enhanced photo-
catalytic activity and caused a significant drop in the height
of the MB absorbance peak from 0.26 a.u. to nearly 0.11 a.u. in
60 min (Figure 10c). Here, agglomeration of NPs was
prevented by their immobilization within the host polymer,
which reduced deactivation of activated TiO, NPs by collision
with ground-state TiO, NPs.'” Under UV exposure, TiO,
excites its valence band electrons to the conduction band. This
results in electron-deficient holes in the valence band and
excess electrons in the conduction band. The electron-deficient

https://doi.org/10.1021/acsami.3c00281
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_006.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_008.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_008.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_008.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00281?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a1}

500 pm

p e

Figure 11. Microscopic images of a single microcapsule before and after compression via parallel plate compression: (al, a2) HD-MCS; (b1, b2)
HD-MC-TiO,; and (c) compression force vs displacement plot of samples HD-MCS and HD-MC-TiO,.
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holes in the valence band can produce OH™ radicals in water
that subsequently oxidize MB."™*

To investigate the reusability of TiO,-loaded microcapsules,
the used microspheres were washed first with distilled water,
then with acetone, and finally left to dry. The clean capsules
were then resuspended in a fresh MB solution of the same
concentration (1 ppm) and used in the next cycle. For each
cycle, an adsorption spectrum was recorded and compared. As
shown in Figure 10e, similar degradation rates of MB were
found for each cycle: 54.1, 53.3, 52.9, and 52.1%. These results
show that the produced capsules with embedded TiO, can be
effectively used as a photocatalyst and reused multiple times.
The same approach can be used to load other catalysts into the
NOA shell and produce various catalyst-loaded microencapsu-
lated phase change materials, for example, for thermal control
of exothermic reactions.*

3.8. Micromanipulation Analysis of Microcapsules.
Compression tests using a micromanipulation technique were
carried out over 30 microcapsules of each sample to investigate
the mechanical properties of the prepared PCM microcapsules.
Figure 11al—b2 displays the side-view images of microcapsule
samples (HD-MCS and HD-MC-TiO,) before and after
compression and the results acquired from this analysis are
summarized in Table 6.

For sample HD-MCS (Figure 11al,a2), all 30 microcapsules
showed a clear rupture under compression with subsequent
leakage of the HD core, which formed an oily meniscus
between the contacting surface of the spherical microcapsule
and the glass substrate. These microcapsules were found to

Table 6. Mechanical Properties of HD-MCS and HD-MC-
TiO, Samples Obtained from the Micromanipulation
Analysis

sample HD-MCS HD-MC-TiO,

number of particles tested 30 30

shell thickness (¢m) 19.5 20.1

rupture force (mN) 141.7 + 12.8 NA

nominal rupture stress (MPa) 25+02 NA
displacement at rupture (um) 161.1 + 7.0 NA

nominal rupture deformation (%) 60.0 + 2.5 NA

Young’s modulus (MPa) 585+ 14 2244 + 72
mean coefficient of determination, R* 0.89 0.92

exhibit a high shape recoverability once the compression probe
had been released, although they looked smaller than their
original size due to loss of their core content. In the case of
HD-MC-TiO,, no microcapsule ruptured under compression,
reflecting their much higher stiffness, but they showed
permanent shell deformation after compression and release;
see Figure 11b1,b2 and Movie S7.

Point (i) in the force vs displacement graph shown in Figure
11c represents the onset of compression for the TiO,-free
microcapsule (HD-MCS), whereas segment (i)—(ii) describes
the behavior of such a microcapsule at an increasingly high
compressive force. This led to a progressive flattening of the
microcapsule due to the compression force exerted onto the
shell until a clear drop of the force signal was recorded at
which HD was leaked out. The compression experiment was
repeated 30 times, with randomly selected microcapsules for
each repetition to generate statistically reliable results.
Relatively narrow distributions of the rupture force, nominal
rupture stress, displacement, and nominal strain at rupture,
were obtained with an average value of 141.7 + 12.8 mN, 2.5
+ 0.2 MPa, 161.1 + 7.0 pm, and 60.1 =+ 2.5%, respectively, in
line with their narrow particle size distribution. Microcapsules
produced via complex coacervation and in situ polymerization
showed much broader distributions of particle sizes and
mechanical properties.'®** In the case of HD-MC-TiO,, a
higher force has been generated by the probe compressing the
capsule, yet no dramatic force drop was registered implying
that no bursting point occurred.*® An inflection point of curve
(iii) recorded at ~50 ym of displacement suggests that the
microcapsule has been transitioning from an elastic regime to a
plastic region.

The compression force versus axial displacement curves of
microcapsules is helpful to determine Young’s modulus.
Young’s modulus is a crucial intrinsic material property
parameter that describes the resistance (stiffness) of an elastic
material undergoing elastic deformation under load. The
apparent Young’s modulus (Ey) of a solid microcapsule is
described by the following equation®’
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where F is the compression force, y = 4/3 is the spherical
shape coefficient, and v is the Poisson ratio (v = 0.5 for the
incompressible polymer-based rubber-like matter). HD-MC-
TiO, and HD-MCS5 were prepared at the same experimental
conditions (Table 1) resulting in nearly the same shell
thickness of 20.1 and 19.5 um, respectively. However, HD-
MC-TiO, exhibited an elastic modulus of 224.4 + 7.2 MPa
(Table 6), whereas that of HD-MCS5 was 58.5 + 1.4 MPa,
which is lower by about 74%. A significant increase in Young’s
modulus of HD-MC-TiO, is the result of incorporation of
TiO, NPs into the NOA shell. Pristine TiO, possesses a very
high Young’s modulus in the range of 110—150 GPa,*® which
increases Young’s modulus of the composite NOA shell (E.)
according to the equation: E. = Eyoavnoa + Ertio,Vrio, Where

vnoa and vryo, are the volume fractions of NOA and TiO, in
the solid shell, while Eyos and Erpyo, are Young’s modulus of
cured NOA and pristine TiO,, respectively.

4. CONCLUSIONS

A facile and reusable three-phase Lego-inspired glass capillary
microfluidic device fabricated using CNC milling was
successfully used for microencapsulation of phase change
materials within a cured optical glue. This process proved to be
highly energy-efficient, reproducible, and fast compared to the
traditional microencapsulation processes. The Lego device
could encapsulate hexadecane (organic PCM) and salt hydrate
SP21EK (aqueous PCM) with 100% PCM vyield. The
maximum encapsulation efficiencies achieved for HD and
SP21EK-based microcapsules were 65.4 and 44.3%, respec-
tively. Highly monodisperse PCM microcapsules with
controlled morphology, mechanical properties, and thermal
energy storage capacity could be easily produced by adjusting
phase flow rates in the microfluidic device and capillary
geometry. Additionally, the morphology of the microcapsules
and the encapsulation efliciency of PCMs could be accurately
predicted using the derived correlations. Bifunctional micro-
capsules could be produced by incorporating TiO, NPs in the
shell of PCM microcapsules that exhibited concurrent
photocatalysis and thermal energy storage properties.

Based on these results, several important properties of PCM
microcapsules can be controlled, which can be employed for
the proliferation of advanced energy storage materials.
Importantly, the throughput of microcapsule production can
be enhanced to several kilograms per hour by parallelizing
multiple microchannels. It is envisaged that these PCM
microcapsules can be useful as both heat sinks and heat
sources for many micro/small-scale applications including
thermoelectric generators, neuro-inspired computing devices,
integrated circuits, and smart drug release systems. Moreover,
bifunctional microcapsules can be applied in the biomedical
field, residential buildings in polluted urban sites, industrial
establishments, and smart textiles as thermal energy storage
and depollution materials.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c00281.

Engineering drawing of Lego blocks (Figure S1);
dismantled microfluidic device with all fittings (Figure
S2); microfluidic test rig setup for microencapsulation of

PCMs using the Lego device (Figure S3); internal
geometry of capillaries in the Lego device with all
notations (Figure S4); optical microscopy images of
HD-based microcapsules with transparent NOA shells
(Figure SS); process of microfluidic encapsulation of salt
hydrate SP21EK and SEM image of SP21EK-MC
microcapsules (Figure S6); and optical microscopy
image of TiO, NP-embedded microcapsules with
opaque NOA shells (Figure S7) (PDF)

Final PCM microcapsules obtained after drying (Movie
S1) (MOV)

Core—shell droplets formation with controlled diameters
using the Lego device (Movie S2) (MOV)

Core—shell droplets formation with controlled shell
thicknesses using the Lego device (Movie S3) (MOV)
Process of microfluidic encapsulation of salt hydrate
SP21EK (Movie S4) (MOV)

Polarization microscopy (thermo-optical) video showing
a single phase change cycle of sample HD-MC4 (Movie
$5) (MOV)

Microfluidic process for the synthesis of PCM micro-
capsules with the TiO, NP-embedded shell (Movie S6)
(MOV)

Analysis of mechanical properties by compressing a
single HD-MC-TiO, microcapsule via the micro-
manipulation technique (Movie S7) (MOV)

B AUTHOR INFORMATION

Corresponding Author
Goran T. Vladisavljevic — Department of Chemical
Engineering, Loughborough University, Loughborough LE11
3TU, United Kingdom; © orcid.org/0000-0002-8894-
975X; Email: G.Vladisavljevic@lboro.ac.uk

Authors

Sumit Parvate — Department of Chemical Engineering,
Loughborough University, Loughborough LE11 3TU, United
Kingdom; Polymer and Process Engineering, Indian Institute
of Technology, Saharanpur 247001, India; © orcid.org/
0000-0003-0275-1847

Nico Leister — Institute of Process Engineering in Life Sciences,
Karlsruhe Institute of Technology, 76131 Karlsruhe,
Germany

Alexandros Spyrou — Department of Chemical Engineering,
Loughborough University, Loughborough LE11 3TU, United
Kingdom; © orcid.org/0000-0001-5288-4037

Guido Bolognesi — Department of Chemical Engineering,
Loughborough University, Loughborough LE11 3TU, United
Kingdom; ® orcid.org/0000-0002-2380-0794

Daniele Baiocco — School of Chemical Engineering, University
of Birmingham, Birmingham B1S 2TT, United Kingdom

Zhibing Zhang — School of Chemical Engineering, University
of Birmingham, Birmingham B1S 2TT, United Kingdom;

orcid.org/0000—0003—2797—9098

Sujay Chattopadhyay — Polymer and Process Engineering,

Indian Institute of Technology, Saharanpur 247001, India;
orcid.org/0000-0002-3522-3031

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.3c00281

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acsami.3c00281
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsami.3c00281?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_008.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_001.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_002.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_003.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_004.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_005.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_006.mov
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00281/suppl_file/am3c00281_si_007.mov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Goran+T.+Vladisavljevic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8894-975X
https://orcid.org/0000-0002-8894-975X
mailto:G.Vladisavljevic@lboro.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sumit+Parvate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0275-1847
https://orcid.org/0000-0003-0275-1847
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nico+Leister"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandros+Spyrou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5288-4037
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guido+Bolognesi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2380-0794
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniele+Baiocco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhibing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2797-9098
https://orcid.org/0000-0003-2797-9098
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sujay+Chattopadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3522-3031
https://orcid.org/0000-0002-3522-3031
https://pubs.acs.org/doi/10.1021/acsami.3c00281?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

B ACKNOWLEDGMENTS

Sumit Parvate is immensely grateful to Commonwealth
Scholarship Commission (CSC), UK, for awarding Com-
monwealth Split-Site Scholarship and sponsoring this project
as well as his research stay at Loughborough University, U.K.
The authors acknowledge Mr. Steven Bowler for his
contribution to fabricating the Lego device using a CNC
milling machine. The authors also thank Dr. Keith Yendall
from the Loughborough Materials Characterisation Centre
who provided insights and expertise that greatly assisted during
SEM analysis.

B ACRONYMS

HD hexadecane

PCM phase change material
NPs nanoparticles

ID inner diameter

OD outer diameter

UV ultraviolet

SH salt hydrate

PVA poly(vinyl alcohol)

B NOMENCLATURE

Ca capillary number

F compression force (N)

D, outer diameter of a microcapsule, m

d; inner diameter of a droplet/particle, m

d, outer diameter of a droplet, m

Dy inner diameter of the injection capillary orifice, m
D;, outer diameter of the inner capillary, m

D, inner diameter of the collection capillary orifice, m
Dy, inner diameter of a big (outer) capillary, m

D; diameter of two-phase liquid jet in microfluidic device, m
AH melting enthalpy, J/kg

Q flow rate of the inner phase, m*/s

Q., flow rate of the middle phase, m*/s

Q, flow rate of the outer phase, m®/s

B GREEK SYMBOLS

6 shell thickness, m

P density, kg/m?

J viscosity, Pa-s

o interfacial tension, N/m
¢ empirical parameter

0 contact angle, rad

y spherical shape coefficient
v Poisson ratio

B SUBSCRIPTS

a acetone
NOA NOA 81
d droplet
p particle
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