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Abstract

Metal-Organic Frameworks (MOFs) have been developed as solid sorbents for CO, capture applications and their properties can be
controlled by tuning the chemical blocks of their crystalline units. A number of MOFs (e.g., HKUST-1) have been developed but the
question remains how to deploy them for gas—solid contact. Unfortunately, the direct use of MOFs as nanocrystals would lead to serious
problems and risks. Here, for the first time, we report a novel MOF-based hybrid sorbent that is produced via an innovative in-situ
microencapsulated synthesis. Using a custom-made double capillary microfluidic assembly, double emulsions of the MOF precursor
solutions and UV-curable silicone shell fluid are produced. Subsequently, HKUST-1 MOF is successfully synthesized within the droplets
enclosed in the gas permeable microcapsules. The developed MOF-bearing microcapsules uniquely allow the deployment of functional
nanocrystals without the challenge of handling ultrafine particles, and further, can selectively reject undesired compounds to protect
encapsulated MOFs.
© 2021 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Com-
munications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

The use of fossil fuels, including coal and natural gas, in
power generation will continue while we make a transition to
renewable electricity. One of the most difficult challenges
associated with fossil fuel-based power is carbon emissions
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having a tremendous environmental impact including climate
change. Thus, there are serious global efforts to develop
effective carbon capture, utilization, and storage (CCUS)
technologies. Unfortunately, the enormous scale of the prob-
lem prevents their rapid large-scale deployments. Thus,
several efforts are being pursued to provide an array of solu-
tions while advancing science [1-5].

Amine scrubbing is one of the widely developed methods
for CO, capture using liquid solvent [6] and a number of large-
scale demonstrations are ongoing (e.g., the Boundary Dam
project in Canada and the Petra Nova project in the USA) [4].
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Other materials such as solid sorbents have also been proposed
to reduce the energy consumption and equipment investment
costs of carbon capture technologies [7-9]. These CO,
adsorption materials, such as activated carbon and zeolites, are
limited by their carbon capture capacities. Therefore, there is
an increasing interest in developing advanced materials, such
as nanomaterial adsorbents, for better CO, capture. Metal—
Organic Frameworks (MOFs) are porous crystalline mate-
rials consisting of metal ions or clusters acting as connecting
nodes, and organic ligands acting as linkers [10]. Due to their
uniquely controlled structures and great gas sorption capacity,
MOFs have exhibited specialized functionality for capturing
different molecules and have been one of the most studied
materials in recent years [11,12]. Their applications range
from gas separation (e.g., CO, capture), gas storage (e.g.,
methane), drug delivery, semiconductors, desalination, and ion
separation, etc. [13—15].

While MOFs have many positive properties including high
capture capacity and good selectivity in terms of CO, capture
[16,17], the synthesis of MOFs via hydrothermal or sol-
vothermal methods is time-consuming, which will usually take
several hours or days to form the nanoporous network of these
crystals. Microwave or ultrasound-assisted synthesis can
accelerate the crystallization of MOFs significantly, but will
involve additional equipment which may lead to higher energy
consumption. Additionally, the scale of MOF synthesis is
typically limited. Another important question that has not been
answered yet is how to deploy MOFs in a CO, capture system.
The synthesized MOFs are in the form of nanoparticles or
their agglomerates. Thus, the direct use of these fine particles
in CO, capture devices would lead to many operational
problems (e.g., high-pressure drops) and environmental risks
(e.g., emission of fine particulates). A few methods have been
suggested to allow an easier delivery of MOFs, such as
grafting MOFs onto other adsorbents larger in size (e.g.
polymer and zeolite), turning MOF particles into granules,
pellets, and thin films, and incorporating MOFs in a membrane
system [18]. Most of these methods start with already pro-
duced MOF crystals and the placement of MOFs is often at the
outer layer of the hybrid system, which compromises the CO,
sorption capacity per mass of adsorbent.

We recently developed the microencapsulation for deliv-
ering CO, capture materials [19]. This approach is designed to
provide enhanced mass transfer for water-lean CO, capture
solvents such as ionic liquids and Nanoparticle Organic
Hybrid Material (NOHMs) [20]. The microencapsulation of
viscous solvents in a highly gas-permeable shell is capable of
facilitating a faster CO, capture, as well as easy handling of
the viscous solvents [21-28]. This research inspired us to
create a whole new approach to synthesizing and delivering
MOFs. If MOF precursor solutions can be encapsulated and
MOFs can be directly synthesized within the microcapsules,
the size of MOFs can be kept small (i.e., nanocrystals)
allowing minimum defects and maximum interfacial area for
CO, capture. The gas-permeable shell would allow for a

flexible design of CO, capture devices and may also provide
additional protection for MOFs from moisture and fine parti-
cles, etc. Further, the synthesis of MOFs inside microliter
droplets has been reported to largely shorten the synthesis time
from hours/days to several minutes, as a result of highly
efficient mixing and heat transfer [29].

This study focuses on a novel MOF-based hybrid sorbent
that is for the first time produced via an innovative in-situ
encapsulated synthesis with glass double-capillary devices.
For this purpose, the synthesis of a representative MOF
structure of HKUST-1was demonstrated via this method. The
developed MOF-bearing microcapsules were characterized by
various tools and tested for CO, capture.

2. Material and methods

2.1. Encapsulation and MOF synthesis using a
microfluidic device

Encapsulated MOFs are produced using a double-capillary
device, which consists of an outer square tube (CAT# 8290-
100, VitroCom, Mountain Lakes, NJ) and two inner round
tubes (CAT# CV7087-B-100, Mountain Lakes, NJ), one of
which is drawn down to a fine tip using a laser tip puller (P-
2000 Tip Puller, Sutter Instruments, Novato, CA) and cut to a
diameter of 100-150 pm. The two round capillary tubes are
inserted in the square tube from opposite directions and three
syringe needles are used to cover the inlets of the tubes. Epoxy
is used to bond the syringe needles and seal the device to a
glass slide.

Microencapsulated droplets are created by flowing three
fluids synchronously in the device: (1) precursors of HKUST-1
(inner fluid), (2) a hydrophobic UV photopolymerizable sili-
cone (shell fluid) (TEGO RAD 2650, EVONIK, Parsippany,
NJ) as the shell material and (3) an aqueous surfactant-con-
taining carrier fluid (outer fluid). The precursor solution of
HKUST-1 is prepared by dissolving Cu(NOs),-H,0 and 1,3,5-
benzene tricarboxylic acid (H3BTC) into N,Ndimethylforma-
mide (DMF) with the molar ratio of Cu(NOs),-H,O/H;BTC/
DMF to be 3/2/67. Cu(NOj3),-H,0 and H3;BTC are separately
dissolved in DMF and stirred for 1 h to ensure complete
dissolution of the organic ligand and the metallic salt. In order
to prevent any salt precipitation prior to the encapsulation, the
two solutions are mixed right before each experiment. The
outer carrier fluid consists of 40 wt% of glycerol (>99%) and
60 wt% of 1 wt% poly(vinyl alcohol) (PVA) aqueous solution.
Unless otherwirse stated, all chemicals were purchased from
Sigma Aldrich and used as received.

The inner, shell, and outer fluid are continuously fed into
the junction of the microchannel using three syringe pumps
(NE-1010, New Era Pump System Inc., Farmingdale, NY) at a
flow rate from 200 to 5000 pL h™'. The co-flow of the inner
and the shell fluid is pinched off by the drag force of the outer
fluid. Once the double droplets are formed, they are quickly
cured for 10 s under UV light with 302 nm wavelength (Pierce
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3UV Lamp, Thermo Fisher Scientific) to form the solid shell.
Next, the obtained microcapsules containing MOF precursor
solutions are heated to 90 °C and an isothermal reaction is
carried out while visually monitoring the HKUST-1 synthesis.
After 60 min, microcapsules now containing HKUST-1 crys-
tals are collected in a glass vial and submerged in an ice bath
to avoid any further crystallization. The images of microcap-
sules are taken by an optical microscope (B120C-El,
AmScope Inc., Irvine, CA). The MOF-bearing microcapsules
are washed with ethanol and water alternatively three times
and then vacuum dried at 180 °C for 24 h.

HKUST-1 is also synthesized via the conventional method,
by reacting the bulk precursor solution at 90 °C for 24 h. The
product is separated from the solvent via filtration and washed
using ethanol and water alternatively three times. The sample
is heated at 180 °C for 12 h and preserved in a drying cabinet.

2.2. Characterization of HKUST-1 and in-capsule
synthesized HKUST-1

In order to analyze encapsulated HKUST-1, hexane is used
to dissolve the shell material by leaving it overnight. Once
MOFs are separated, they are washed with ethanol and water
alternatively three times. The washed HKUST-1 particles are
heated up to 180 °C for 12 h following the same preparation
method as the conventionally prepared HKUST-1.

The microtomography technique at 13-BMD Advanced
Photon Source (APS), Argonne National Laboratory (ANL), is
used to identify the size and the location of MOFs within the
capsules. The microtomography scans are obtained and the
data are processed to reconstruct 3D images of the sample.
The encapsulated MOFs sample is loaded in a 2 mm L.D. and
2.4 mm O.D. glass tube, and the glass tube is placed in the
rotating sample holder. During the measurement, an X-ray
beam (33.269 keV) impinges the rotating glass tube containing
encapsulated MOFs particles and the X-ray intensity attenu-
ations for multiple beam paths are measured by a detector. The
resolution of the obtained microtomography images is
1.43 pm/pixel. The morphology of HKUST-1 and encapsu-
lated HKUST-1 is unveiled by using a Zeiss Sigma VP
Scanning Electron Microscope (SEM). The samples are first
gold coated and SEM images are generated by scanning a
focused beam of high-energy (5 kV) electrons across the
sample.

Thermogravimetric analysis (TGA) (LabSys Evo, Setaram)
is used to investigate the thermal stability of neat MOFs and
MOF-bearing microcapsules. Around 50 mg of the sample is
placed in the crucible and heated up at the rate of 5 K min ™'
from room temperature to 800 °C in N, atmosphere. For
encapsulated HKUST-1, The temperature is first increased to
180 °C and is maintained for 2 h, and then increased to
800 °C. The residue collected from the TGA experiments is
used to measure the copper content in each capsule. 0.1 g of
residue which is collected from multiple TGA experiments is
dissolved in 10 mL of 10% HNOs solution with sonication to

ensure complete leaching of copper. After dissolution, the
copper solution is diluted by 20-fold and analyzed using the
Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) to determine the copper concentration.

A Malvern Panalytical XPert3 Powder X-Ray Diffraction
(XRD) platform is employed to verify whether the MOFs
directly synthesized within capsules are in fact HKUST-1. For
phase identification of the encapsulated MOF, X-ray diffrac-
tion was performed with a Cu source, PIXcelld detector. The
sample was dispersed on a silicon zero-background wafer and
rotated during the scan at 0.25 Hz. Data was collected from 5
to 50° (20) with a resolution of 0.0016°/step and a scanning
rate of 0.5° min~'. Thus, the total sampling time is roughly
1.5 h.

2.3. CO; capture experiments

The TGA setup (LabSys Evo, Setaram) is employed to
investigate the CO, capture performance of the encapsulated
HKUST-1 at 40 °C and atmospheric pressure. Ten cycles of
CO, absorption and desorption are carried out, where pure
CO, is used for the CO, adsorption step and pure N, is used
for the CO, desorption step. In every cycle, the mass change of
the sample is recorded and the amount of CO, captured per
gram of HKUST-1 is subsequently calculated.

3. Results and discussion
3.1. Microcapsule design and fabrication

Our encapsulated MOF is produced using a double-capil-
lary device similar to the one developed by Vericella et al. at
Lawrence Livermore National Laboratory [21]. The micro-
fluidic device consists of nested capillary tubes with three
inlets fed by different fluids. The inner fluid (CO, capture
solvent with high viscosity in previous designs), the shell fluid,
and the outer fluid (the carrier media consisting of an aqueous
glycerol and surfactant solution) are pumped into the micro-
fluidic device at controlled flow rates [30,31]. The shell ma-
terial is a photopolymerizable silicone, which polymerizes
under the exposure of ultraviolet (UV) light.

In this study, a mixture of MOF precursor solutions is used
as the inner fluid and a heating system is integrated down-
stream of the UV-curing zone for the in-capsule synthesis of
MOFs. As shown in Fig. 1, double emulsion droplets of the
MOF precursor solutions and the shell fluid are produced and
subsequently cured by UV light to generate microcapsules.
The microcapsules are then heated up to 90 °C for 1-15 min to
crystallize the MOFs in-situ. In order to activate the MOFs, the
solvent inside the capsules is removed at 180 °C and the final
product is in the form of micro-size particles of MOFs
confined in a hollow shell. As shown in Fig. 2(a), the micro-
capsules are highly uniform in geometry and size. The average
capsule diameter is between 300 and 500 pum and the shell
thickness is about 35-75 pm depending on the system
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Fig. 1. Schematic of the microfluidic system for in-situ encapsulated synthesis of MOFs. The structure of the shell material, TEGO Rad 2650, is similar to that of

TEGO Rad 2100 and TEGO Rad 2500 [32].

dimensions of the microfluidic device as well as the properties
of fluids (e.g., the viscosity of the carrier media). Our previous
studies have also shown that the size of microcapsules can be
tuned by altering the flow rates of the three fluids [19].
HKUST-1 is selected as the first MOF to be synthesized via
the microencapsulation method since it is well-studied for CO,
capture for its selectivity in the capture of CO, from a gas
mixture [33]. Further, its mild synthesis conditions (i.e., 90 °C,
ambient pressure) and slow crystallization kinetics make it
ideal for visual observation of MOF crystal formation inside of
the capsules. The precursor solution of HKUST-1 is generally
prepared by dissolving Cu(NOs3),-H,0 and H3BTC to a ho-
mogeneous solution of DMF, Ethanol (EtOH), and deionized
water (H,O) [29,33,34]. Unfortunately, ethanol and water can
easily permeate through the UV-cured shell material, leading
to the potential precipitation of precursor salts before the

(b) [1 min]

[10 min]

S

)

QX

heated reaction step. Thus, the method is modified by
removing ethanol and water and the mass ratio of
Cu(NO3),-H,O and H3BTC is proportionally increased to
ensure a high yield of MOF.

3.2. In-situ synthesis of MOFs within the encapsulated
system and their visualization

One of the proposed benefits of our novel in-capsule syn-
thesis of MOFs is the significant reduction of the synthesis
time. The conventional ways of MOF synthesis via hydro-
thermal or solvothermal reactions are often time-consuming,
and thus, MOF crystallization and the formation of the porous
network can take several hours to days [35]. A recent study
has shown that a micro-chemical process performed using
droplets can significantly reduce the time required for MOFs

Fig. 2. Microscopic photos of encapsulated HKUST-1. (a) Produced microcapsules containing HKUST-1 precursor solutions (i.e., Cu(NO3),-H,O and H;BTC
dissolved in a homogeneous solution of DMF prior to heating); (b) The stages of HKUST-1 crystal formation during the in-situ thermal reaction within the
microcapsules (reaction time: 1-15 min); (c) Image of HKUST-1 crystals synthesized via the conventional solvothermal method using a bulk solution given as a

comparison.
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synthesis [29]. A number of MOFs (e.g., HKUST-1, MOF-5,
IRMOF-3, and UiO-66 — not specific for CO, capture) have
been successfully synthesized by creating micro-droplets
containing metallic salts and organic Ligands dissolved in a
polar medium [29]. For example, the synthesis time of
HKUST-1 is reduced from two weeks to as short as
12 min [29]. Once synthesized, MOFs are separated, washed
using ethanol, and dried. While this study demonstrated a
significant reduction in MOF synthesis time, the final product
is still a fine MOF powder, which would require further pro-
cessing before its application for gas separation.

In order to monitor the formation Kinetics of HKUST-1 in
our capsules, the reaction is carried out under a microscope.
As can be observed from Fig. 2(b), during the entire synthesis
period the capsule maintains its uniform size. HKUST-1
crystals become clearly visible after just 1 min of heated re-
action. The reaction is completed in the first 10 min of heating,
indicating a fast HKUST-1 formation rate similar to the study
by Faustini et al. [29] The HKUST-1 crystals inside of the
capsules have polyhedral shapes similar to MOFs synthesized
via a conventional solvothermal method (Fig. 2(c)). Since heat
and mass transfer is enhanced by the high surface area to
volume ratio of the confined environment, fast crystallization
of MOFs is achieved in the droplets. Further, the shell material
effectively confines the MOF precursors inside, and therefore,
HKUST-1 is only formed inside the capsules and simulta-
neously packaged for its deployment in various reactor
systems.

It is hard to distinguish the distribution of the MOF crystals
in three dimensions with a two-dimensional image (Fig. 2).
Thus, microtomographic images of encapsulated MOF sor-
bents were taken at Argonne National Laboratory to identify

e

MOFs crystal

the precise location of the MOF crystals within the capsules
and determine whether they are agglomerated into larger
clusters. Two types of microcapsules, as made and dried
capsules, are characterized and their 3-D tomographic images
are shown in Fig. 3. HKUST-1 crystals are characterized by
the bright part of the image. It is clear that the majority of
HKUST-1 crystals are adherent to the inner surface of the
capsules, meanwhile, some of them are embedded in the shell
membrane. This pattern of the distribution of MOF crystals
would allow the shortest mass transfer distance once CO,
diffuses through the shell membrane, leading to a fast CO,
capture rate. The tomographic images of dried and activated
HKUST-1 microcapsules show a dense packing of MOF
crystals that are well packed within the gas permeable shell.
Overall, the dried capsules appear to take the shape of buckled
spheres, which would alter the packing and transport behav-
iors in gas sorption processes.

3.3. Characterization of MOF's

In order to confirm that these crystals observed within the
capsules are in fact HKUST-1, a series of characterization
tools are used and crystals collected from microcapsules are
compared to HKUST-1 prepared via a conventional synthesis
method. As shown in Fig. 4(a) and (b), the HKUST-1 octa-
hedral crystals found inside microcapsules are in the range of
0.5-7 pm, which is similar to HKUST-1 reported in the
literature [29]. A few larger crystals are also observed in some
cases. The SEM image (Fig. 4(a)) verifies the location of MOF
crystals adhered to the inner wall of the shell membrane,
which agrees with the findings from the microtomography
images (See Fig. 3). The XRD patterns shown in Fig. 4(c)

Fig. 3. 3-D X-ray microtomography of encapsulated HKUST-1 in a glass tube. (a) Microcapsules containing HKUST-1 and the remaining DMF solvent; (b) Dried

microcapsules after removing the solvent.
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Fig. 4. (a) SEM image of the cross-section of a microcapsule loaded with HKUST-1; (b) SEM image of HKUST-1 particles found inside the microcapsules; (c)
XRD spectra of HKUST-1 synthesized via an in-capsule synthesis method and a conventional solvothermal method; (d) Thermal decomposition behavior of neat

HKUST-1 and microcapsules bearing HKUST-1.

confirm that the crystals obtained via the in-capsule synthesis
approach have an identical crystal structure of HKUST-1
synthesized by the conventional solvothermal method (red
spectra) [36]. The specific surface area and total pore volume
of HKUST-1 were found to be 2185 m? g~ and 0.57 cm® g/,
respectively, which is comparable to other values previously
reported in the literature [37,38].

The TGA curve of encapsulated HKUST-1 (red solid line)
given in Fig. 4(d) shows a similar trend as that of the neat
HKUST-1 crystals (black solid line), both exhibiting an initial
stage of a small mass loss followed by a plateau, and a final stage
of sharp weight loss. Compared to neat HKUST-1, there is a
mass decrease of about 10 wt% when the temperature was
maintained at 180 °C for encapsulated HKUAST-1, which was
due to the evaporation of the solvent (DMF) trapped in the
micro-pores of the crystals. This mass reduction would not be
observed if the polymeric shell is not permeable for the solvent
molecules (DMF). It is important not only to synthesize MOFs
but also to fully remove the solvent so that the pores in MOFs are
activated to capture CO,. The encapsulated MOFs remain
thermally stable until 280 °C, followed by a sharp decrease in
mass due to the thermal decomposition of the shell and MOFs.
Finally, about 35 wt% of the residue is left, which should be the
silicon oxide (from the shell) and copper oxide (from the
HKUST-1). The TGA peaks associated with the neat HKUST-1
are in accordance with the literature [34].

Finally, in order to accurately quantify the HKUST-1
loading in each microcapsule, the residue from the TGA

experiment is dissolved and the copper content in the residue
is determined using the ICP. The result shows a content of
1.64 wt% copper in the residue. Hence, the mass percentage of
MOFs in each capsule is estimated to be 1.83 wt%. This low
mass fraction of MOFs is attributable to the low concentration
of precursor salts in precursor solutions which is limited by the
optimal stoichiometric number. The loading of HKUST-1 in
the microcapsules may be further increased if different sol-
vents are used to dissolve HKUST-1 precursor salts at higher

w
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Fig. 5. Cyclic study of CO, capture by encapsulated HKUST-1.
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concentrations or by optimizing the shell layer towards a
smaller thickness.

3.4. CO; capture using encapsulated MOF's

The CO, capture behavior of encapsulated HKUST-1 is
investigated via a TGA analysis. The microcapsules are first
heated up to 180 °C for 12 h to ensure the removal of all the
solvents and activate HKUST-1. Ten cycles of CO, adsorption
and desorption processes are carried out at 40 °C (typical CO,
capture temperature at power plants) and atmospheric pressure
using a CO,/N, swing. Fig. 5 shows the weight gain of the
samples as CO, is absorbed and weight loss as CO, is removed
with N,. The encapsulated HKUST-1 demonstrates rapid CO,
adsorption and desorption rates, which very quickly reach
equilibrium after switching to CO,. The pore size of the
TEGO Rad layer was estimated to be 0.44 nm (D3) and
0.80 nm (D4) based on our Positron Annihilation Lifetime
Spectroscopy (PALS) analysis, and its CO, permeability has
been reported to be 3250 Barrer [39]. This suggests that the
mass transfer resistance through the shell layer is minimal.

The CO, capture capacity is measured to be 4.0 mmol g~ ' -
HKUST-1. This value is lower than the literature values, which
is around 7.3 mmol g~ ' - HKUST-1 [33,34]. This may be due
to a number of factors: defects in HKUST-1 crystals, incom-
plete activation of HKUST-1 and/or the interaction between
HKUST-1 and the shell material. There is no strong experi-
mental evidence aiming at a specific cause and the investiga-
tion is ongoing. After 10 cycles, the capture capacity is
maintained, demonstrating the excellent recyclability and
stability of the MOF-bearing capsules.

The overall CO, sorption and desorption processes by
encapsulated MOFs are depicted in Fig. 6. First, CO, in the
bulk gas phase is transferred through the gas-permeable
polymer shell. The shell, on one hand, confines the MOF
particles inside the microcapsules and on the other hand,
protects the MOFs from the negative influences of moisture.
Water vapor could lead to a decrease in the CO, capture

Gas bulk A
Gas film

" Particle

Release

Fig. 6. Overall CO, sorption and desorption steps by encapsulated MOFs.

capacity and the damage of the MOFs structure due to an
irreversible hydrolysis reaction [40], particularly for CO,
capture from a power plant flue gas containing 4-6 vol% water
[41]. The size and the thickness of the capsule shell would also
impact the mass transfer behaviors of CO, and any other gases
that are in the bulk phase. A thinner shell layer leads to lower
mass transfer resistance but results in weaker mechanical
strength of the sorbents. Additionally, the chemistry of the
shell material could also significantly impact the selectivity of
the overall CO, capture process.

The selection of MOFs that possess a high CO, capture
capacity and selectivity is the first and most important step of
the development of novel encapsulated MOF sorbents for
rapid and efficient CO, capture. The mass transfer through the
shell layer would be influenced by the CO, capture capacity
and selectivity of MOF crystals confined in the polymer shell.
The MOF-bearing microcapsule sorbents can be regenerated
via a pressure swing as illustrated in this study, a temperature
swing or both. Compared to fine HKUST-1 crystal powder
(50 nm—20 um) synthesized via a conventional method,
handling MOF-bearing microbeads (300-500 pum) is signifi-
cantly easier and safer. Furthermore, encapsulated MOFs can
be applied in a wide range of reactor configurations including
a fixed bed, a bubbling bed, or a fluidized bed reactor.

4. Conclusions

This is the first study showing the in-situ synthesis of MOFs
directly within a polymeric shell. The MOF-bearing micro-
capsules is a new class of solid CO, capture sorbents that are
mechanically robust, chemically stable, and environmentally
benign. Our encapsulation scheme enables the use of micro-
particles of MOFs with a faster synthesis rate and a more
flexible reactor application compared to fine powders of MOFs
synthesized via a conventional mode. One of the most studied
MOFs, HKUST-1, is selected as the first demonstration of this
innovative approach. In-capsule synthesized HKUST-1 shows
identical chemical properties as the MOFs prepared by the
conventional solvothermal method. HKUST-1 microcapsules
exhibit a fast CO, capture rate as well as high CO, capture
capacity. The silicone shell did not slow down the CO, mass
transfer and the HKUST-1 microcapsules show good recy-
clability and stability during multiple cycles of CO, capture
and sorbent regeneration.

This first demonstration of the encapsulated synthesis of
MOFs is important and opens a new area of research on hybrid
sorbents with controlled mass transfer steps. A broader range
of MOFs, such as MOF-5, UiO-66, IRMOF-3, Ru;BTC,, and
Co3;BTC, [29], can be readily explored using this facile
approach to achieve faster synthesis and easy delivery for
various applications. However, the synthesis of encapsulated
MOFs is challenged by the low MOFs loading in the micro-
capsules due to a low concentration of the active components
in the precursor solution, which could be improved by
substituting the solvent for one with a higher solubility of the
precursor salts or the optimization of shell thickness or
employing other encapsulation techniques such as solvent
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impregnated polymers (SIPs) [42]. Further, the mass produc-
tion of such encapsulated materials needs to be considered for
large-scale point source CO, capture or direct air capture. This
would require a development of new techniques beyond
microfluidic encapsulations such as solvent impregnated
polymers (SIPs) [42]. The future development of the encap-
sulated MOFs can draw on extensive research on carbon
capture sorbents (e.g., MOFs) and gas separation membranes.
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