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Abstract

Metal-organic frameworks (MOFs) are highly porous crystalline materials formed by the
coordination of organic ligands with metal clusters. Despite the significant progress in their
development over the last few years and their applications in various classic and emerging fields,
the control of their shape and size remains a challenge, in particular the search for more efficient
and environmentally friendly syntheses. In this context, the microfluidics approach allows not
only the continuous production of MOFs but also an accurate reaction parameter control in their
synthesis, representing a step towards intensification, versatility and scalability in the use of
MOFs. This review is devoted to highlighting the multitude of synergies appearing when dealing
with MOFs and microfluidics, not only in the bare synthesis of MOFs and their hierarchical
structures but also when fabricating hollow fiber membranes with important applications in the

separation field.



1. Introduction

Metal-organic frameworks (MOFs) are porous, crystalline materials formed by the
coordination of organic ligands with metal clusters. Due to their extremely high specific surface
area and uniform porosity, there has been significant progress in their development over the
last decade and a half which has seen the appearance of thousands of new MOFs with
applications in various classic and emerging fields. These include gas separation and adsorption,
catalysis, encapsulation, medicine, and electronics.*** A great deal of effort has been put into
the discovery of different MOF based materials with the objective of achieving excellent
performances in their corresponding applications. However, it is time to make these versatile
materials industrially profitable by controlling their shape and size and making their syntheses
more efficient and environmentally friendlier. In this context, the continuous synthesis of
MOFs,*2 especially by means of microfluidics,®* has attracted the attention of the research
community in recent years as an alternative to traditional discontinuous batch reactions.**2
This approach allows not only continuous production but also an accurate reaction parameter
control in the synthesis, providing a step towards intensification, versatility and scalability in the
use of MOFs.

In addition to describing the state of the art in microfluidics applied to the synthesis of
MOFs, this review aims at putting reported research into perspective. Using information
published by others and our own experience,** 2% we will classify and summarize the different
existing approaches to the synthesis of MOFs by using microfluidic tools. In addition, we will
suggest future lines towards which the microfluidics-MOF tandem is headed. Microfluidics
allows the crystal engineering of MOFs, which is of paramount importance in catalyst and
adsorbent design but also for membranes, sensors and other electronic devices whose possible
economic development may depend on the availability of efficient and reliable synthetic
methodologies. While there are a few published reviews of the continuous flow production of
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MOFs and related materials, none of them fully address the content of our review. In fact,



1.7’ refer to the use of continuous flow for preparative inorganic chemistry. MOFs are

Zhang et a
one among several materials, and hierarchical structures and hollow fiber membranes are not
addressed. The work by Wang et al.?® deals with the current types of microfluidic devices used
in the synthesis of different types of nanohybrids (composed of two or more components that
exhibit many distinct physicochemical properties) based on the classification of the four main
kinds of materials: metal, nonmetal inorganic, polymer and composites. MOFs are not among
the materials studied. The short reviews by Batten et al.?° and Dunne et al.*° present continuous
flow reactors as the most versatile method for up scaling the synthesis of MOFs and describe
the continuous synthesis of MOFs using microfluidics but also screw extruders
mechanochemical synthesis devices. MOF hollow fiber membranes are hardly addressed.
Finally, Chen and Shen3' review membranes in microfluidics tangentially mentioning MOF
hollow fiber membranes in the field of gas detection research.

The origin of microfluidics can be related to gas chromatography applications, i.e. to
separation applications.3? This was followed by the development of microfluidic based reaction
technologies.® In microfluidics the thicknesses of the mass and heat boundary layers (those in
which the viscosity affects the layer fluid in the immediate vicinity of the corresponding bonding
surface) are closer to the characteristic dimensions (e.g. the internal diameter of the used pipe
or the channel width) than in conventional systems. From the point of view of mass and heat
transfer in chemical synthesis, the general advantages of microfluidics are:3* the use of small
reagent volumes, reaction selectivity enhancement, lower energy consumption per unit
temperature, and faster reactions. These advantages also give rise to intrinsically safer reaction
systems with smaller reaction volumes and thus smaller carbon footprints than conventional
processes. In addition, when microfluidics is used to prepare MOF-supported hollow fiber
membranes, the porous pipe has a double mission: it acts both as reactor and membrane porous

support.?*



It is generally accepted that the characteristic dimension of a microfluidic system is
below 500 um. This value can go up to 1 mm when the system operates at Reynolds (Re, the
ratio of the convection to the diffusion mass transport) and thermal Péclet (Pe, the ratio of
convection to the conduction heat transport) dimensionless numbers below 250 and 1000,
respectively. These values define the microfluidic operation, bearing in mind that mesofluidics
is broadly considered for diameters between 500 pm and a few millimeters.3* Moreover, Re <
250 means a laminar flow regime (always achieved when Re < 2,300) with no axial mixing within
the reactor.3* The laminar regime requires low velocities, i.e. high residence times. These
conditions, together with the fact that microfluidic systems have a high surface area to volume
ratio, result in efficient operations in terms of both energy and media savings and reaction

control and yield.

Fig. 1. Combination of the chemical properties and performance possibilities of MOFs with the advantages of

microfluidics.

Fig. 1 illustrates the motivation for this monographic study. This lies in the combination
of the chemical properties (hybrid character, tuning), structural features (porosity, crystallinity,

flexibility) and performance possibilities (shapeability, selective and large adsorption capacity,



catalytic activity) of MOFs with the advantages of microfluidics (simplicity, versatility, possibility
of easy sequencing, scalability, efficiency, controllability, continuous operation). We can say that
this is currently producing a multitude of synergies. These synergies are related to the bare
synthesis of MOFs and MOF hierarchical structures and to the fabrication of hollow fiber

membranes, as shown below.

2. Microfluidic synthesis of MOF crystals

2.1. Zeolite synthesis by microfluidics

Zeolites are porous crystalline aluminosilicates that can be considered as the inorganic
MOF counterpart. They display similar properties such as extensive porosity, a high degree of
crystallinity and high chemical and thermal stability.> 3 Both of them have well-defined
structural features (cages and pores) at the microporous scale that have made them particularly
attractive in the field of gas storage, separation by adsorption and membranes, and
heterogeneous catalysis.> 1% 36-38

Due to the demanding synthesis conditions required by zeolites, i.e. high pressure and
temperature, the microfluidic system has not emerged as the most suitable for their synthesis.°
Conventional discontinuous syntheses based on batch reactors are preferred for these
crystalline aluminosilicates.*> ** Nevertheless, such systems have limitations (inefficient mixing,
inhomogeneous temperature distribution, among others) that can be overcome by the
microfluidic system.*? These benefits have been reported in only a few works.'*3* The published
articles addressing zeolite syntheses accomplished by a microfluidic system are gathered in

Table 1. They comprise systems with 500-1000 um internal diameters of channels and pipes.



Table 1. Summary of the literature regarding zeolite syntheses performed in microfluidic system.

. Crystal Pipe diameters | Residence time | Reactants flow Type of Temperature
Zeolite . . . . . o Ref.
size (nm) (um) (min) (1L/min) microfluidic (°c)
) ID: 750 N ) 23
Zeolite A 426 0D: 1200 133 200 Single phase 90
Zeolite A 408 ID: 1000 20 ~133 Two phase 80 44
ZSM-5 38020 ID: 508 20 2-8 DIM* 150 4
Zeolite A 1200 ID: 1000 30 800 Two-phase 90 a6

*DIM corresponds to droplet- and ionic liquid-assisted microfluidic.

In 2006, Ju et al.*® reported that the use of a microchannel reactor for the continuous
synthesis of zeolite NaA not only reduced the mean particle size and the particle size distribution
(PSD) in comparison with the batch system, but also the crystallization time. The latter was
reduced tenfold in the case of microfluidics (13.3 min instead of 135 min), helped by the long
aging of the solution. In their device, a synthesis mixture containing both precursors was
pumped through a microchannel as a single phase. The capillary was immersed in an oil bath
which controlled the reaction temperature. However, an enhancement of this continuous flow
system had to be carried out to solve the problem of channel clogging, which deemed it
unusable, and to fine-tune the control of the PSD. In 2009, Pan et al.** improved the microfluidic
process using a second liquid phase made of paraffin for the preparation of zeolite A. By
adjusting a second pump on the original tube, a continuous phase of liquid paraffin was
provided, carrying and separating the reaction mixture into droplets (segmented flow). In this
manner, the blockage problem was eliminated and the necessary aging time of the solution was
substantially reduced. The technique also showed an enhancement of crystal size control due to
the mixing intensification taking place inside the droplets. Smaller mean particle sizes and
narrower PSD were obtained than in single-phase microfluidic or in conventional batch and
microwave-heated reactors. Hoang et al.** chose to combine ionic liquids and droplet-based

microfluidics to achieve the preparation of zeolite ZSM-5. The synthesis of this zeolite



conventionally required high temperatures and long reaction times. Here, the ionic liquid was
chosen as a thermally stable and non-volatile template for the construction of the
nanostructures while the droplet-microreactors ensured a mixing of the reactants by rapid heat
and mass transfer. The products exhibited a uniform morphology as well as a narrow PSD, and
the reaction time was significantly reduced from several hours to tens of minutes. The novelty
presented by Yu et al.*® compared with the previous approaches was to convey the two
precursor solutions at the same time but separately in the microfluidics device, keeping the oil
phase for the formation of the droplets. In this manner, the zeolite A hydrogels were prepared
continuously in one step. With this process, the adjustment of the silica to alumina flow rate
ratios enabled a precise control of the hydrogel composition and therefore a control of the
crystallinity and particle size. Despite these achievements in the production of zeolites by
microfluidic means, they have been limited by the challenging hydrothermal conditions of
synthesis. However, other materials which share common properties with zeolites were found
to be more suitable for exploiting the great potential of microfluidics, such as aluminophosphate
AIPO4-5% and, more interestingly, metal-organic frameworks (MOFs). It should be noted that
prior to the synthesis of MOFs using microfluidics, Puigmarti-Luis et al.*® had prepared related

materials (coordination polymer nanofibers) using microfluidic technologies.

2.2. MOF synthesis by microfluidics
Hydrothermal and solvothermal syntheses represent the widely used conventional
methods for the MOF production. Nevertheless, they suffer from a very long crystallization
period (from several hours to days) along with arduous control of the crystal size.** *° From this
standpoint, continuous flow processes including microfluidic synthesis appear to be more suited

to industrial requirements than typical laboratory-scale batch approaches. Fig. 2 is an illustration



of the time saving achieved with microfluidics in comparison with other common synthesis

methods (the shortest time has been picked for each type of synthesis).
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Fig. 2. Comparison of the synthesis time of different common methods of synthesis for three MOFs (MOF-5,51-5°

HKUST-1,5% 56-5° and ZIF-850-63), *Microwave-assisted solvothermal synthesis.

The majority of reported MOF syntheses by microfluidics have been conducted following

a droplet-based strategy similar to that mentioned for zeolites, benefiting from its efficient



mixing.'> %% 5664 The ligand and metal precursors are usually mixed in a T-junction device which
is connected to a tube for the oil carrier. The micro- or nanodroplets are generated from the
shear interaction between the oil phase and the mixture, and constitute the segmented phase
while the oil acts as the continuous phase. The droplets pass through the tube that is then
immersed in a temperature controlled oil bath in order to perform the solvothermal synthesis.
After reaction, the synthesized products are collected at the outlet of a cooled vial, avoiding
further crystallization. The upper oil phase is separated and the synthesized products are
recovered by centrifuging, washing and drying. Table 2 provides an overview of MOF crystal

syntheses using microfluidic methodology.

Table 2. Summary of the literature regarding MOF crystal syntheses performed in microfluidic reactor systems
(trimesic acid: H3BTC; ethanol: EtOH; dimethylformamide: DMF; terephthalic acid: H,BDC; 2-methylimidiazole:

HmIm; methanol: MeOH).

Pipe diameters Residence | Reactants Temperature
MOF Molar composition Crystal size P time flow p, Ref.
(mm) - (°c)
(s) (pL/min)
Cu(NO3),-H,0:H3BTC:
HKUST-1 H,0:EtOH:DMF 5-15 pm 180 12 90
3:2:555:86:193
Zn(NOs3)2-6H,0:H,BDC:DMF
MOF-5 31970 10-15 pm D 0.5 180 112 90 .
Zn(NO3),-6H,0:H,BDC- 0oD: 15
IRMOF-3 NH,:DMF 10-15 pm 180 1-12 90
3:1:270
. ZrCl4:H,BDC:HCI:DMF
UiO-66 1:1:1:80 <1lpum 900 1-12 90
Fe-MIL- Fe:ligand:DMF:H,0
88B-NH, 1:1:52:52 180 nm 20 618 %
Fe-MIL- Fe:ligand:DMF:H,0 ID: 1.0 13
888 1:0.7:52:52 520 nm oD: 1.6 240 154 %
Fe-MIL- Fe:ligand:DMF:H,0
88B-Br 1:1:104:104 680nm 360 103 s
Zn:HmIm:MeOH:NH; - . Room @
ZIF-8 1:2:41:30 80 nm ID: 1.6 15 6000 temperature
-~ Zn:HmIm:H,0 355+71 . 64
ZIF-8 1:70:197 am ID: 1.6 600 1000 25

Faustini et al.*® first reported the successful use of segmented flow for the synthesis of
Cu3BTC,. Droplets of 200 um diameter were formed inside the PFA tube and the solvothermal

synthesis was pursued at 90 °C. Optical microscopy revealed that the crystalline structure of




Cu3BTC; could be identified only after 1 min of reaction time while 24 h were needed for the
conventional solvothermal synthesis at 90 °C. In addition, the measurement of the specific
surface area showed crystals with higher quality than in conventional bulk processes. %> % With
the same continuous process, they synthesized other MOFs of interest:*® HKUST-1, MOF-5,
IRMOF-3 and UiO-66. Each time, both precursors (ligand and metal) were dissolved in a polar
medium and the droplets were then carried by a nonpolar oil. The flow rates were controlled by
means of syringe pumps. Different retention times (from 1 to 12 min) and metal concentrations
were investigated for HKUST-1 and the optimal retention time was found to be 3 min (at 90 °C),
leading to the highest BET specific surface area (Sger). Faustini et al. also reported that increasing
the reaction time or using a more concentrated precursor decreases Sger. In the case of HKUST-
1, the crystals were of higher quality than in conventional solvothermal synthesis. The syntheses
of the other MOFs were achieved only after 15 min for UiO-66 and 3 min for MOF-5 and IRMOF-
3. Furthermore, the two latter MOFs showed smaller particle sizes (10-15 um) than in
conventional solvothermal synthesis, demonstrating the validity of this ultrafast process. Paseta
et al.® focused on the application of segmented microfluidics to dicarboxylate based MIL-88B
type MOFs: Fe-MIL-88B-NH,, Fe-MIL-88B and Fe-MIL-88B-Br, in order to obtain an acceleration
of the crystallization time and show the feasibility of the process. Metal and ligand precursors
were dissolved and pumped separately to a mixing-cold zone, after which a third syringe-pump
provided silicon oil to form the segmented flow. Using this strategy, an ultrafast synthesis was
achieved, especially for Fe-MIL-88B-NH, (20 s at 95 °C), but very short residence times were also
obtained at the same temperature for Fe-MIL-88B and Fe-MIL-88B-Br, these being 4 min and 6
min, respectively. Particular attention was paid to the shape, size and PSD variations resulting
from changes in the residence time. Fig. 3 shows the evolution of the particle size distribution
with the residence time. An increase in the latter leads to a larger average particle size and a
broader PSD dispersion consequently appears as a function of the residence time. For instance,

a residence time variation from 20 s to 600 s resulted in larger crystals: from 160 nm to 900 nm.



A study of the slug volume growth showed the same effects. Shape changes were also observed
for the crystals, having a round shape at short times and becoming more angular at longer times.
Considering that a precise control of the residence time is highly achievable in microfluidic
devices, as well as the dimensions of the slugs, Paseta et al.'® proved that the technique offers

an innovative fine-tuning of the mean particle size and PSD.
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Fig. 3. Cumulative particle size distribution of Fe-MIL-88B-NH, synthesized at 95 °C after several residence times.?

A continuous process using microfluidic conditions developed by Polyzoidis et al.%°
showed the potential tuneability and upscaling of ZIF-8 synthesis. In their setup, the mixing of
precursor solutions was implemented in a T-type micromixer. They were then continuously fed
in a helically wound residence time capillary for the reaction at room temperature. The
investigation of different solvents led the authors to conclude that only the use of aqueous
ammonia and methanol for the zinc nitrate and 2-methylimidazole, respectively, allowed the
production of pure ZIF-8 with short residence times. Indeed, the N, adsorption measurements
showed a product of excellent quality with a Sger of 1770 m?/g obtained at a residence time
shorter than 15 s. It is worth noting that the quality of the produced material remained stable
even with a variation of the residence time or the reagent concentrations, proving the solidity

of this synthesis. For the fastest reaction, a production rate of 640 g-day® was achieved
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corresponding to a high space time yield of 210,000 kg-day™*-m, which was unprecedented for
MOFs at that time. The quantitatively and qualitatively feasible production of ZIF-8
demonstrated here, in addition to the characteristic repeatability of the continuous process,
makes possible the use of this method at a larger scale. Recently, Kolmykov et al.5* have
proposed a more environmentally-friendly synthesis for the same MOF, replacing the organic
solvent with water alone or a biphasic flow made up of an oil phase and water droplets. In the
latter case, a second T-micromixer was added to provide the oil phase. A heated section was
also positioned after the precursor mixing. For the monophasic continuous synthesis, high flow
rates (30-240 mL-h) were used in order to avoid the sedimentation of the crystals in the
microreactor. Varying the oil composition, the authors found a correlation between the oil
viscosity and the steps of nucleation and growth of the nanocrystals. Larger particles were
produced with the use of silicon oil than with n-decane or 1-octadecene, and their sizes seemed
to be little influenced by the increase in temperature. The authors demonstrated that the high
viscosity of the silicon oil corresponded to significant pressure in the channel that was
responsible for the particle size increase and the temperature inhibition. For both monophasic
and biphasic flow syntheses, crystals of high quality were produced, showing the same Sger as
the previous continuous synthesis with organic solvent (ca. 1700 g:m?2). The syntheses were
relatively fast with a residence time of 10 min, and the variation of the experimental parameters
(flow rates, temperature, etc.) enabled the synthesis of crystals over a wide size range.

The microfluidic synthesis process not only addresses the simple production of MOF
crystals, but also allows variations and evolutions responding to different needs and
applications. Microfluidic pen lithography (MPL) successfully performs the highly reproducible
synthesis of homogeneous MOFs at a precise location. The HKUST-1 synthesis is a representative
example of the MPL procedure:*’ a femtoliter droplet of solvent DMSO solution containing
Cu(NO3s),2.5(H,0) is generated on a SiO, surface by means of a first microfluidic stylus after

which a femtoliter volume of trimesic acid in DMSO solution is placed within the droplet with a
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second pen. A premature solvent evaporation of the patterned droplet is avoided by the control
of the relative humidity of the chamber. The accurate handling of the pen lithography technique
allows the creation of nanoscale MOF arrays: for example, a 30 X 30 droplet array with a droplet
distance of 20 um for HKUST-1 synthesis.

Digital microfluidics combines droplet-based microfluidics and electrowetting for
achieving the generation of single MOF crystals in a highly automated way (Fig. 4). A fluid
reservoir provides mother droplets containing MOF precursors. The bottom plate of the path
followed by the mother droplets is made of actuation electrodes and a dielectric layer. An
electric field established in this layer at one side of the droplet creates an imbalance of the
interfacial tension, inducing motion in the mother droplets. In the top plate, hydrophilic
micropatches were designed in the hydrophobic matrix. Their selective wettability enables the
printing of femtoliter droplets from the mother droplets. The top plate is then removed and the
single crystals are collected after evaporation of the solvent. Witters et a/.%® applied their device
to the printing of HKUST-1 single crystals. The use of 20 um X 20 um micropatches resulted in
uniform size crystals (5.3 £ 0.9 um) with a high-throughput production of 1600 femtoliter
droplets printed per second. Such technology providing single MOF crystals may facilitate their
study at a single-crystallite level and also improve their applications. Some pure structural MOF
crystals have already been integrated in a sensing system for alcohol and organophosphate

pesticides.®®7* Nevertheless, few examples have been reported.

Fig. 4. Digital microfluidics scheme.
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Post-synthetic modification (PSM) appears to be a promising method to broaden the
potential of MOF crystals. The introduction of a relevant functional group may lead to an
improvement in the chemical and physical properties, as proved by the functionalization of UiO-
66 for hydrogen sulfide, oxidative agents and DNA detections. For this purpose, Jambovane et
al.” directly integrated the functionalization step in the droplet-based microfluidic process,
saving time, cost and energy at the same time. Functionalization of UiO-66-NH, in UiO-66-NH-
COCH; and UiO-66-NH-FITC was conducted with the addition of the reagent containing the
functional group (acetic acid or fluorescein isothiocyanate (FITC), respectively) in a modulator,
whose role was to enhance the control of the particle size. Metal salts, organic ligand and the
modulator were injected separately but simultaneously into an oil phase to merge and form
droplets for the production of both functionalized MOFs in this one-pot synthesis.

Another droplet-based technology has tried to raise MOF production to a large-scale
industrial level. Interestingly, the spray-drying technique developed by Maspoch et al.”?
eliminates the separation and drying steps which considerably increase the production time. A
mixture of metal ions, organic ligand and solvent is sprayed in small droplets through a nozzle in
a hot gas stream leading to instantaneous MOF crystallization and evaporation of the solvent.
One of the advantages of spray-drying is that the process is suitable for already existing industrial
spray dryers. It is worth mentioning that the as-obtained MOFs had particularly small
dimensions; in fact, they were ca. 5 um spherical hollow particles constituted by assembled MOF
nanoparticles.

In line with the last example, the possibility of using microfluidics to obtain MOFs with
hierarchical pore structures is also interesting. This is of paramount importance when there is
some intracrystalline diffusion limitation in catalysts and adsorbents but also when the handling
of powders is inconvenient due, for instance, to pressure drop problems in beds or to safety
concerns when respirable aerosols are produced.” To overcome these drawbacks, hierarchical

porous structures were addressed in the past mainly with zeolitic materials.”® In general, these
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hierarchical structures with micro/mesopores, meso/macropores and micro/macropores have
been successfully prepared by controlling the synthesis conditions.” 7

Several approaches have been reported to obtain by microfluidics MOFs as hierarchical
structures, such as template free synthesis strategies, ligand extension, microemulsion
methods, nanocrystal self-assembly and the use of different surfactants.” In particular, thin
layers of MOFs have been shaped as hollow capsules using a biphasic synthesis mixture
comprising two immiscible solvents, each containing one of the two MOF precursors.”® After
achieving the emulsification, crystallization takes place only at the liquid-liquid interface. In fact,
the metal aqueous solution flows through a tapered capillary (110 um inner diameter) centered
in the reactor tube (760 um inner diameter um), and the ligand organic solution flows around it
(Fig. 5A). This mechanism causes the thickness (1.5-2 um) of the film to be uniform and has been
used to produce hollow capsules of MOF [Cus(BTC),] with uniform diameter of around 375 pm
(Fig. 5B). This interfacial reaction has also been carried out to produce functional bio-MOF (MIL-
88A) hollow spheres with controlled size in the 35-2000 um range with architectures from single-
shell to double-shell (a hollow capsule inside another hollow capsule).” Finally, Zhang et al. have
recently used the microfluidic jet spray drying technology to reassemble nano-sized MIL-101
into hierarchical structures for benzene adsorption,® in line with the above mentioned strategy

discovered by Carné-Sanchez et al.”
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Fig. 5. T-junction showing details of the microfluidic emulsification (A). SEM image of hollow MOF [Cu3(BTC),]

capsules (B).”®

4, MOF-based membranes

4.1, Introduction

The methods of microfluidic synthesis allow an accurate control of MOF PSD during their
synthesis, thus the reactants and solvent usage can be dramatically reduced.®* Microfluidic
systems also offer similar advantages to the synthesis of MOF-based membranes where the
layer thickness is the parameter to be controlled. This synthesis technique takes place
necessarily on hollow fiber membrane supports, which act as a pipe and a reactor at the same
time. The advantages of hollow fiber membranes, as compared to flat and typical tubular
membranes, lie fundamentally in their high volumetric areas of up to 10,000 m?/m3 (compared
to the ca. 1,000 m?/m? of flat membranes).?* 8! For this reason, hollow fibers can be considered
the most practical membrane geometry in terms of membrane packing efficiency,® which is of
paramount importance for developing commercial membrane applications.?

Based on previous works where the formation of continuous MOF films was carried out
on inorganic and polymeric supports, various strategies have been developed since the
publication of the first microfluidics approach reported by Brown et al. in 2014.3% These
strategies include the use of different materials as hollow fiber supports (polysulfone, polyimide,
polyamide, PVDF and even metals) where different MOFs have been synthesized (ZIF-8, ZIF-7,
ZIF-9, ZIF-9-1ll, ZIF-93, SIM-1/ZIF-94, among others). The combinations obtained will be
explained below.

Brown et al. designed the so-called IMMP (interfacial microfluidic membrane process)
method for the synthesis of a continuous ZIF-8 film on the lumen of a Torlon® (polyamide-imide)

hollow fiber.® Eum et al. analyzed the chemical and physical mechanism of this method, and
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suggested a few synthesis modifications to optimize both the film thickness and the membrane
performance when separating Ha/CsHg and CsHe/C3Hg mixtures.®> 8 Finally, Marti et al.¥” used a
variation of the IMMP method already studied by Brown et al.3* to synthesize a ZIF-8 layer on
the outer surface of a hollow fiber.

Cacho-Bailo et al. developed their own microfluidic method to synthesize ZIF-8 and ZIF-
7 on the lumen side of a polysulfone hollow fiber.?* Afterwards, they achieved the formation of
a ZIF-93 layer,?? a ZIF-9 layer and the combination of ZIF-9 with either ZIF-8 or ZIF-63 on
polyimide P84® hollow fiber supports.?® Besides, they published a study about the annealing
effect on ZIF-8 and ZIF-93 based P84® hollow fibers, leading to a significant improvement in the
performance of these membranes.? Cacho-Bailo et al. also prepared by microfluidics a ZIF-9
continuous layer on the inner surface of a metallic (Ni) hollow fiber.?> The microfluidic approach
allowed an in situ crystalline transition, by pumping pure water through the hollow fiber, of the
ZIF-9 to the ZIF-9-1Il dense phase, more suitable for separating H,/CO; mixtures.

Analogously, Biswal et al.28 and Mao et al.®° carried out the crystallization of layers of
ZIF-8 and Cu-BTC on both the inner and the outer surfaces of PBI-Bul hollow fibers and of HKUST-
1, respectively. In this case, the synthesis was carried out by a novel method in which the source
of metal for the crystallization was a layer of copper hydroxide nanostrands deposited by a
previous microfluidic filtration stage.

New ideas for process intensification strategies are being sought by industry and the
scientific community to produce the most energy-efficient model possible. In this context,
membrane technologies represent one of the strategies for improving current separation
technologies.®® ! Hollow fiber membranes in particular are the perfect candidates for optimizing
performance vs. cost across a wide range of the industry spectrum without the need for
disruptive changes.®? The works published to date have shown the usefulness of hollow fiber
membranes for performing strategic gas separation processes related to mixtures containing

olefins and paraffins but also pre- and post-combustion streams,22-24 26, 84-86, 93-96
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4.2.

Previous work

In the last decade, several methods have been developed to synthesize continuous MOF

layers on different supports (Fig. 6). The first works were carried out on flat ceramic supports.

Arnold et al.”” in 2007 achieved the formation of a continuous manganese formate layer on

porous a-alumina and graphite discs by in situ crystallization. Both supports had to be

pretreated to increase the presence of carbonyl, carboxyl and hydroxyl groups, which allowed a

proper MOF growth. The results of the study did not include gas separation or permeance

measurements, but the authors included an in-depth study about the crystallinity and

morphology of the layer, as well as the characteristics of the interactions between MOFs and

the support.
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Fig. 6. Map of the previous work of the synthesis of MOF-based membranes by microfluidics.

Bux et al.’® published in 2009 the first work about microwave assisted seeding with a
secondary growth. ZIF-8 was chosen to form the continuous film on a titania porous support.
They used the modified ZIF-8 synthesis in methanol developed by Cravillon et al.*® in 2009,
instead of the original recipe with DMF because the former solvent is easier to remove from the
structure after the synthesis than the latter. The results showed interesting permeances through
the membrane of different gases such as hydrogen, oxygen, carbon dioxide, nitrogen and
methane. Besides, this membrane showed a H,/CH, selectivity of 11.2 at 298 K, considerably
above the Knudsen selectivity factor (2.8). In the same year, Liu et al.2® achieved the formation
of a continuous MOF-5 layer on a-alumina porous discs by seeding and secondary growth.
Moreover, Li et al.}** and Hara et al.1?? developed new methods to synthesize intergrowth layers
of ZIF-8 on inorganic supports involving infiltration and contra-diffusion, respectively.

1.2%3 in 2010 were the first authors to form MOF-based membranes on flat

Centroneeta
polyacrylonitrile (PAN) supports by microwave-assisted synthesis. Even though they did not
achieve the formation of a continuous MOF layer, this publication marked the beginning of a
new research field. Later on, other authors used new methods to synthesize continuous layers
of MOFs on flat polymeric supports. For instance, Yao et al.1® in 2011 carried out further
research into the contra-diffusion method to synthesize ZIF-8 continuous films on nylon
supports, while Meilikhov et al.1% achieved the formation of this composite by conventional in
situ crystallization.

The first MOF composite membranes synthesized on tubular supports appeared in
2010.1%6: 197 |n fact, Xu et al.}%® developed a method to synthesize a continuous ZIF-8 layer from
a concentrated synthesis gel on the outer surface of a ceramic hollow fiber support with an outer

diameter of 2 mm. And MOF-based membranes were synthesized on the outer surface of a

hollow fiber support for the first time by Brown et al.}%® in 2012. In this work, the ZIF-90 was
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homogeneously crystallized on Torlon® hollow fibers of 400 um diameter for gas separation
applications. Two years later Li et al.!¥ synthesized by in situ growth Cu-BTC and ZIF-8 on the
outside of functionalized PAN hollow fiber supports.

Finally, a few authors have tried the deposition or synthesis of MOFs on the inner wall
of capillary columns for open tubular capillary electrochromatography (OT-CEC). Xu et al. (see
Fig. 6) reported the in situ synthesis of MIL-100(Fe) on fused-silica capillary columns of 75 um
inner diameter and 41.2 cm effective length through the layer-by-layer self-assembly
approach.!'! Besides, Li et al. published in the same year a method to coat polymethyl
metracrylate capillary columns for OT-CEC with previously prepared MOF CAU-1 particles.*
However, according to Yu et al., these two approaches were either uncontrollable methods or
else a thin MOF layer was formed through many cycles. In consequence, they designed a new
method to coat the inner wall of fused-silica capillary columns (75 um inner diameter) with ZIF-
90 crystals for OT-CEC.}** The method consisted of direct covalent bonding between
functionalized MOF particles and the capillary wall. Here, ZIF-90 was employed as a model MOF
because of its textural properties and the aldehyde groups present in its structure, which
allowed covalent functionalization with amine groups, i.e. with 3-aminopropyltriethoxysilane
(APTES). It is important to highlight that in this method the MOF layer was not synthesized in
situ, but formed by pumping a suspension of MOF particles (previously crystallized and

functionalized) through the lumen of the capillary column.

4.3. Synthesis methods and gas permeation results

4.3.1. Interfacial microfluidic membrane processing method
As indicated, Brown et al. were the first to report the synthesis of MOF-based
membranes by microfluidics in 2014.8* They designed a method to synthesize ZIF-8 continuous

layers on the inner or outer surfaces of Torlon® hollow fiber supports. This consisted of the
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diffusion of two solutions, each with a different ZIF-8 precursor as solute (Zn?** and 2-
methylimidazole (HmIm)), through the hollow fiber thickness. For this purpose, the surfaces of
the hollow fiber (sealed in a membrane module) were in contact with either the Zn?* or the
HmIm solutions as follows (see Fig. 7): the solution on the lumen side was pumped with a
peristaltic pump, while that on the shell side of the module was stagnant. The method consisted
of pumping through the bore side one of the solutions during 120 min at 10 pL-min, after which
it was kept stagnant for 210 min; the solution was pumped again during 20 min at 10 pL/min
and finally it was kept stagnant again for 210 min.®* This method was called interfacial
microfluidic membrane processing (IMMP). Additionally, two parameters were studied: the
location of each precursor solution (lumen or shell side), and the miscibility between the two
solvents used. Consequently, the total combinations were eight, although only the five cases
considered most interesting were studied. In case 1, the precursors were fed in immiscible
solvents: the metal salt was dissolved in water and fed through the bore side of the hollow fiber,
whereas the ligand HmIm was dissolved in 1-octanol and added at the shell side of the
membrane module. In cases 2 and 3, the Zn solution was fed through the lumen and shell sides,
respectively, but both precursor solutions were dissolved in the same solvents: water in case 2
and 1-octanol in case 3. In these three cases, the MOF continuous layer was synthesized on the
inner surface of the hollow fiber, although a sharp interface between the MOF layer and the
polymer could be observed only when both solvents were immiscible (case 1). However, when
both solvents were miscible the resultant layer was 10 um deep inside the porosity of the
support. In cases 4 and 5 the precursors were also dissolved in the immiscible solvents. In case
4, the Zn was dissolved in water and fed and located at the shell side, whilst in case 5 the metal
salt was dissolved in 1-octanol and also fed through the shell side. As the authors hypothesized,
the result of changing the metal solution (limiting reactant) was that the MOF layer was

synthesized on the outer surface of the hollow fiber. In spite of obtaining a composite layer in
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the 5 different cases, Brown et al. only characterized case 1 by measuring the H,/CsHg and

C3He/C3Hs mixture separation performances.®

Fig. 7. IMMP method scheme. Zn?* solution pumped through the hollow fiber lumen (blue), and the Hmim
molecules diffusing from the shell side to the hollow fiber inner surface. When both MOF precursors react, they

form the crystals (pink) along the inner surface.?*

1.8% observed a clear sieving effect when separating the mixture Hy/CsHs at

Brown et a
120 °C (130 + 8 separation factor), although a higher than expected CsHs permeance was
measured. This prevented a high CsHe/CsHs separation factor (2.2 £ 0.4) at 25 °C. The explanation
for this result was the bypass detected during the separation process. As the authors mentioned,
the gas mixture feed could permeate through the cross-section area of the entrance, avoiding
the selective MOF layer. When this was covered with PDMS, the membrane selectivity increased

significantly and the CsHg permeance notably decreased, which meant higher separation factors

(the values in Table 3 correspond to those obtained with the PDMS pretreatment). Additionally,
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Brown et al.3* demonstrated the high stability of their composite membrane by separating
H/CsHs and C3He/ C3Hg mixtures in a long term test (35 h). With single gas measurements they
proved that in the as-made membrane 60% of the flow of C3Hs occurred through the bypass,
37% through defects and only 3% through the ZIF-8 membrane. When using the PDMS sealed
membrane, the bypass contribution was null, but still 92% of the molar flow was through
membrane defects. Consequently, from the authors’ point of view, the IMMP method needed

to be improved to reduce the presence of defects.

Table 3. Separation performances of the MOF-based hollow fiber membranes synthesized by microfluidics. The
given values are the permeance in GPU of the smallest gas of each pair, and the separation factor (a). The

temperatures in brackets correspond to those of the testing conditions

*Results at 0 °C.

Eum et al.®®

conducted an in-depth study of the synthesis mechanism of the IMMP
method previously published by Brown et al.34 They observed the role of the reactants transport,
film crystallization and the hollow fiber support porous structure, analyzing three different
cases. In the first case, Eum et al.®® reproduced the IMMP method several times and took

samples of the composite membrane at different times to observe the morphology of the cross

section area. They could distinguish a dual MOF layer at the end of the first stage of the IMMP
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MOF H,/CH, CH/CH, H,/CH, H,/cO, He/CH, N,/CO, Ref
(120 °C) (25°C) (35°C) (35 °C) (35°C) (25°C)
H, [} CH, a H, a H, a He a N, [}
2IF-8 750 370 27 8 - - - - - - - - 8
ZIF-8 3000 1850 33 17.5 - - - - - - - - 8
ZIF-8 2250 | 3000 0.4 180 - - - - - - - - 8
ZIF-8 - - - - - - - - - - 22 52 s
2IF-8 - - - - - - - - 2 8 - - 8
2IF-8 - - - - 518 | 17.2 49.5 26 - - - - 2
2IF-7 - - - - 154 | 34.6 15.6 24 - - - - 2
ZIF-8 - - - - - - 126.9 4.1 - - - - *
2IF-67 - - - - - - 38.7 3.6 - - - - *
2IF-93 - - - - 27.2 60 - - - - - - 2
ZIF-9 - - - - - - 101.0 4.8 - - - - _ - ’{" ado [JC2]: Falta la referencia. Es la 26?
ZIF-8/ZIF-9 - - - - - - 72.9 5.2 - - - - 2
2IF-67/2IF-9 R R R R R R 29.6 5.4 R R R R %
SIM-1 - - - - - - 0.25*% - - - - o4
ZIF-9-1Il - - - - - - 102* | 22.2* - - - - o
CuBTC - - - - - - - - 05 | 9 - - s
HKUST-1 - - - - 6003 | 2.5 6003 42 - - - - 8
2IF-90 - - - - 1084 1.1 1084 50 - - - - %



synthesis (which consisted of pumping the metal solution for 120 min) formed by a dense film
followed by a discontinuous MOF layer on the top. The dual layer, caused by different linker
availability with time, was homogenized after the next 210 min stage. Eum et al.%¢ identified this
stage as crucial for the formation of a defect free MOF layer, since the C3Hg/C3Hs separation
performance was greatly enhanced. The final two stages increased the thickness of the
homogeneous dense layer and at the same time the separation performance of the hollow fiber
membranes. In the second case, as Eum et al.®¢ hypothesized, an increase in ZIF-8 crystallization
during the first stage would create a denser film that would impede further crystallization, so
the final thickness would decrease. To achieve a thinner and defect free layer, the module was
heated at 40 °C for the first 30 min and then stabilized at 30 °C after a slow cold ramp, creating
the so called non-isothermal IMMP method. The results demonstrated the validity of this
hypothesis, since the final thickness decreased somewhat from 10 £ 2 um to 9 + 2 um while the
membrane performance barely changed. In the third case, the IMMP method followed was the
same as in the second case, but Eum et al.8® increased the average pore size of the hollow fiber
support from 290 nm to 480 nm to improve the MOF-polymer adherence and thus make the
MOF layer thinner. Once the ZIF-8 layer was synthesized on this new support by the non-
isothermal IMMP method studied in case 2, they measured a MOF layer thickness of 5+ 1 um,
giving rise to separation factors of about 1850 and 17.5 in the case of the H,/C3Hg and CsHe/CsHs
mixtures, respectively (see Table 3). These performances were the highest achieved in this
study: the low MOF layer thickness allowed a higher CsHs permeance, and the low CsHs
permeance gave rise to a high CsHs/CsHs separation factor. Additionally, Eum et a/.8® measured
dry and wet He permeabilities to detect the presence of defects. Large defects such as cracks or
pinholes are usually detected in wet conditions, but these were not found in any of the three
cases. However, nanoscopic defects (below 20 nm), that can be detected in dry conditions, were

evidenced in case 1, but not in cases 2 and 3.
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Eum et al.®® published another work regarding the synthesis of a continuous ZIF-8 layer
on the lumen of Torlon® hollow fibers by adding two new modifications to the non-isothermal
IMMP synthesis method. These allowed the membrane to achieve C3He/CsHs separation factors
of 180 at 0 bar as the transmembrane pressure differential AP and 25 °C, very close to the ideal
separation factor based upon adsorption and diffusion parameters, and 90 + 6 at AP = 8.5 bar
and 25 °C. The first consisted of the modification of the hollow fiber porosity: a more open
porous structure led to a more uniform linker diffusion during the MOF layer formation, helping
to create a defect-free layer. In such conditions, the authors observed by SEM an overgrowth of
MOF structures inside the new high-porous hollow fiber cross section, thus they decreased the
linker concentration by a factor of two to reduce the penetration into the bore side, and
therefore the MOF formation rate. As seen in Table 3, the improvement in permeance and
selectivity when separating CsHg/CsHs was significant compared to those obtained in the
previous publications by the same group.3* 8 Nevertheless, the MOF layer thickness, 8.1 + 1.6
um, was higher than the minimum they had previously achieved (5 + 1 um).2® The lack of large
defects in the ZIF-8 layer gave rise to the good performances achieved when measuring Hz/CsHs
and C3He/CsHs equimolar mixtures (see Table 3).

More importantly, Eum et al.® studied the C3Hg/C3Hs separation performance of the ZIF-
8 based membrane at different AP (from 0 to 8.5 bar), showing high separation factors even at
high pressure, as mentioned above (90 + 6 C3;H¢/C3Hg separation factor at AP = 8.5 bar and 25
°C). This performance was explained by the fundamental characteristics of transport in
nanoporous structures.

Marti et al.** synthesized in 2017 a ZIF-8 continuous layer on the outer surface of a
Torlon® hollow fiber. Their synthesis method was based on the IMMP developed by Brown et
al.,®* which was demonstrated to be capable of forming the MOF layer on the outer surface of
the hollow fiber by changing the location of the metal salt solution.®* However, Marti et al. used

water as solvent for both ZIF-8 precursors; in consequence the resultant ZIF-8 layer had two
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regions, in agreement with Brown et al.:®* a denser layer on the top of the support, and a more
porous one inside its microstructure. It was more interesting to use miscible rather than
immiscible solvents because, as they hypothesized, the layer region inside the hollow fiber
porosity contributed to a good anchoring, counteracting the delamination of the MOF film. They
also studied the flow ratio between metal and linker solutions to control the thickness of the
MOF layer inside the support microstructure and the layer on its outside (dense layer).!** High
metal/linker flow ratios led to a layer with no thickness inside the microstructure, poor
mechanical properties and difficulties when handling due to its fragility. The best membrane,
synthesized with a metal/linker flow ratio of 0.25/0.13 (mL/min), was able to separate CO2/N,

with a separation factor of 52, showing a CO, permeance of 22 GPU (see Table 3).

4.3.2. In situ crystallization method
The synthesis method developed by Cacho-Bailo et al.?* dealt with the in situ
crystallization of ZIF-8 or ZIF-7 on the inner surface of a polysulfone hollow fiber support by
pumping the two precursor solutions through the bore side, which led to extra savings compared
to the Brown et al. strategy (Fig. 8). The ZIF-8 layer was synthesized by mixing solutions of Zn?*
and HmIm in methanol. The ZIF-7 was synthesized by mixing solutions of Zn* and benzimidazole
(bIm) in ethanol. In this case the membrane was tested by separating equimolar mixtures of

H2/CH4 and CO,/CH4, among others.
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Fig. 8. In situ crystallization method. Metal, ligand and solvent solutions are pumped by syringe pumps through the

hollow fiber lumen (blue). During the synthesis, the MOF crystallizes forming a continuous layer (pink).2*

In this work, the authors demonstrated by FTIR, XRD and TGA the presence of both MOFs
in the hollow fibers. Additionally, the ZIF hollow fibers were characterized by SEM imaging,
making possible the quantification of the ZIF-8 and ZIF-7 respective thicknesses. Cacho-Bailo et
al.** achieved the design of a synthesis method that allowed a better control of the layer growth.
All the published techniques based on the IMMP method developed by Brown et al. could form
ZIF-8 layers of about 8 um, with a minimum of 5 + 1 um, whereas Cacho-Bailo et al.?* were able
to synthesize ZIF-8 and ZIF-7 layers of 3.6 + 0.9 and 2.4 + 0.4 um, respectively. Interestingly, a
catalytic effect was identified by TGA in the degradation of the MOF based membranes
synthesized here;'*® the polysulfone membrane degraded at lower temperatures in the
presence of the Zn in the MOFs.*3

In contrast to the membranes characterized in depth by Brown et al.,® the formation
of either ZIF-8 or ZIF-7 by the in situ procedure did not allow a sharp MOF-polymer interface to
be distinguished. In fact, Cacho-Bailo et al.?* evidenced the presence of MOFs inside the porosity
of the support by EDS and TEM carried out on focused ion beam treated samples, concluding
that a good MOF-polymer interaction was achieved.

The performance of the formed membranes was analyzed when separating binary
equimolar mixtures including Hz, N2, CO; and CHa. A significant reduction in H, permeance in the
H,/CH4 mixture was observed when using a bare polysulfone membrane and the synthesized
ZIF-8 based membrane (52 compared to 881 GPU). The latter membrane showed separation
factorsof 17.2+6.5,18.3+6.8 and 6.1 + 3.2 at 35 °C when separating H,/CHa, H2/N; and CO,/CH,
mixtures, respectively. The ZIF-8 based membrane was able to restrict large molecule
permeances (N, and CH, with respective kinetic diameters of 3.64 and 3.8 A), but it let smaller

H, and CO, molecules diffuse (with respective kinetic diameters of 2.9 A and 3.3 A). In contrast,
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the ZIF-7 layer showed a sharper sieving effect than ZIF-8 due to its lower pore size (3.0 A
compared to 3.4 A, see Fig. 9). In fact, using ZIF-7, the separation factor when separating H,/CHa,
H,/N> and CO,/CH4 at 35 °C mixtures increased to 34.6 + 4.0, 35.1 + 4.3 and 13.5 + 2.4,
respectively. Nevertheless, after a study of the effect of the temperature on the performance of
both membranes, the authors observed that the ZIF-8 based membrane achieved the best
H,/CH,4 separation performance at 100 °C (the separation factor increased 15% compared to the
value at 35 °C) and the ZIF-7 based membrane achieved the best at 150 °C (with an increase of
119% compared to the value at 35 °C). Besides, they observed a stable and constant
performance of both ZIF-8 and ZIF-7 based membranes working with a pressure gradient of up

to 4 bar.?*

Fig. 9. MOF pore sizes and gas kinetic diameters. Zeolite A is included for comparison.

Cacho-Bailo et al.? followed the same method to synthesize ZIF-93 on the inner surface

of co-polyimide P84® hollow fibers, which were more permeable than the previously used
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polysulfone supports. As in the case of ZIF-8 and ZIF-7 on polysulfone, the formed hollow fibers
did not show a sharp MOF-polymer interface, but an intergrowth inside the porosity of the P84®
inner surface. Besides, the TGA evidenced a catalytic effect during the degradation of the ZIF-
93-based hollow fiber due to the presence of the zinc.%® According to Fig. 9, and as indicated in
other publications,'!® the pore size of the ZIF-93 rho structure should distinguish between H,
and CHa, and even between H; and CO.. In fact, the good separation performances achieved
with Hy/CH4 and CO,/CH4 mixtures at low temperatures (35 'C) evidenced this hypothesis (see
Table 3). Besides, it was interesting to see how the performance even improved measuring the
H2/CH4 separation at high temperature (from 60 + 7 at 35 °C to 97 + 6 at 100 °C) due to a good
MOF-polymer affinity enhanced through an annealing effect that densified the surface
microporosity of the polyimide support.??

In fact, Cacho-Bailo et al.?® studied the effect of the annealing up to 175 °C of ZIF-8 and
ZIF-93 membranes prepared by microfluidics on P84® hollow fibers. The annealing procedure
was carried out while measuring the gas separation performance in terms of H,/CH,4 separation
either before the microfluidic synthesis or after such synthesis. The annealing carried out before
decreased the membrane surface roughness (as analyzed by atomic force microscopy) and this
worsened the MOF-polymer interaction and thus the performance of the resulting membrane,
as shown in Table 4. However, the membrane prepared by microfluidics could withstand the
175 °C annealing conditions giving rise to the best separation performance. Cacho-Bailo et al.
explained the improvement by means of a rearrangement of the polymer chains near the
interface between the P84® and the MOF layer, therefore increasing the interaction and
adherence between them. An additional transition temperature was observed by differential
scanning calorimetry in the annealed polymer, probably due to the presence of parts of the

polymer with different rigidity.
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Table 4. Annealing effect in the separation performance at 35 °C of ZIF-8@P84 and ZIF-93@P84 membranes.

ZIF-8 ZIF-93

Annealing at 175 °C H,/CH, H,/CO, H,/CH, H,/CO,

H,(GPU)| a |H,(GPU)| a |H,(GPU)| a [H,(GPU)| «

Before microfluidic synthesis 46 435 14 20.4 12 435 3.0 20.4

After microfluidic synthesis 39 72.4 8.3 18.4 9.7 724 2.0 18.4

Focusing on pre-combustion applications, Cacho-Bailo et a/.®

carried out a study whose
goal was to emulate with MOF based hollow fibers the recent performances achieved with flat
membranes by Caro et al.,'**1% Ljet al.?*1?2 and Peng et al. for H,/CO, separation.!?® The latter
authors achieved the highest H,/CO, separation factor ever achieved of 291 with exfoliated ZIF-
7-11l as a membrane building block. According to these authors, the nanostructures required to
accomplish a good H,/CO; separation must have restricted pore sizes between 3 and 5 A, and
distinctive adsorption properties, since both H, and CO, have similar kinetic diameters (see Fig.
9). The MOFs used by Cacho-Bailo et al. were ZIF-8, ZIF-9 and ZIF-67. ZIF-9 has a higher CO,
adsorption capacity than the ZIF-8 and ZIF-67, while ZIF-9 has a more restrictive pore size (Fig.
9) than the other two MOFs. For this reason, Cacho-Bailo et al.?® looked for a synergic effect
between these three ZIFs. They sequentially synthesized by microfluidics two types of MOF-
based membranes where two different MOFs were combined to obtain two-layered MOF hollow
fiber membranes. ZIF-67 or ZIF-8 on the surface, exposed to the H,/CO; to be separated,
decreased the CO, adsorption tendency, favoring the selective H, transport, whereas the ZIF-9
enhanced the sieving effect of the two-layered membrane (see Fig. 10A). In fact, the microfluidic

approach allowed the sequential synthesis of the two ZIFs creating ZIF-8/ZIF-9 or ZIF-67/ZIF-9

compact two-layered membranes of 2.0 + 0.4 um in thickness.
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Fig. 10. EDS analysis of the presence of cobalt from ZIF-9 and zinc from ZIF-8 in the interface of a dual MOF based
hollow fiber membrane (A). MOF-based membranes made of ZIF-8, ZIF-9 or combinations of them, ZIF-8/ZIF-9

and ZIF-67/ZIF-9, separating H,/CO, mixtures at 35 °C and 150 °C (B)

As shown in Fig. 10A, both MOF layers could be distinguished by EDS, since Zn was
present only in ZIF-8 and Co only in ZIF-9. It was interesting that even though the interface
between both MOF layers was detectable by the presence of both metals, the authors
hypothesized that the two MOF structures could have been interpenetrated producing some
kind of hybrid structure. Other authors who synthesized ZIFs by ligand exchange have pointed
this out.'?*12% Besides, Cacho-Bailo et al. achieved interesting gas separation results, since
significant improvements were observed with these new membranes compared to the ZIF-8 and
ZIF-9 alone (Fig. 10B), especially at 150 °C. The separation factors of the combined MOF-based
membranes showed values of 9.6 + 0.1 and 9.0 + 0.0 for ZIF-8/ZIF-9 and ZIF-67/ZIF-9,
respectively, whereas the ZIF-8 and ZIF-9 alone showed 7.4 £ 0.1 and 8.0 £ 0.1, respectively.
However, the H, permeance was lower in the ZIF-67/ZIF-9 membrane than in the ZIF-8/ZIF-9 at
35 °C (see Table 3 and Fig. 10B for comparison) because of a slightly more limiting pore size of
the ZIF-67 (see Fig. 9), although the separation factors had similar values. Besides, the
temperature had a significant effect on the separation performance because the CO, adsorption
was reduced, thus the sieving effect contribution increased: at 150 °C the H,/CO; separation
factors were 9.6 + 0.1 and 9.0 * 0.0 for ZIF-8/ZIF-9 and ZIF-67/ZIF-9, respectively, compared to
5.2+0.7 and 5.4 + 0.4 at 35 °C (see Fig 10B).%®
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Microfluidics can also be used to prepare MOF membranes in highly permeable
supports, such as those made by sintering metal particles.'?’ In such supports the percolation
phenomenon is very intensive and Cacho-Bailo et al.**”1?% had to adapt their synthesis method,**
particularly filling the support porosity with polyether polyethylene glycol (PEG). The good
compatibility between MOF and polymeric supports has been clearly demonstrated in several
previous works, such as those reported by Brown et al., Eum et al. and Cacho-Bailo et al.
However, it is well known that high temperatures and possible catalytic effects produced by
MOFs limit the usefulness of polymeric membranes in some separation processes, even if the
MOF stability can be high at temperatures as high as 350-400 °C, as in the case of ZIF-8.% In this
new publication, the authors synthesized ZIF-9 phase Ill, with very narrow porosity (ZIF-9-Ill, ca.
2.1A, see Fig. 9) and low CO, adsorption capacity, on the lumen of nickel supports.?> When these
ZIF-9-1Il membranes on Ni metal hollow fibers were applied to separate H,/CO, and He/CH,4
mixtures, He and H, could permeate through the membrane pores even though their kinetic
diameters are larger than the small ZIF-9-1Il pore size (2.1 A), thus some flexibility must be
assumed in the bonds of the ZIF structure. In contrast with the results reported in other
publications where low H,/CO, separation factors were registered at low temperatures because
of the CO, adsorption and condensation,® the ZIF-9-1l membrane enhanced its separation
factor when the temperature decreased, giving a H»/CO, separation factor of 22.2 (102 GPU of
H,) at -10 °C. This unusually high selectivity was explained not only by the low CO, adsorption
capacity of ZIF-9-111%%13° but also by the contraction of the MOF structure as the temperature
decreased, due to its negative thermal expansion coefficient (27.4-10° K%).%* The performance
of this metal-supported membrane was clearly different to that observed with the polymeric-
supported membranes, as highlighted with the SIM-1 (also known as ZIF-94) hollow fiber
membrane on polyimide P84®, also synthesized by microfluidics. This showed the expected
increase in H, permeance with the increase in temperature, and a maximum of H,/CO, at 0 °C,

related to enhanced CO, adsorption.®* 3!
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Itis worth mentioning that the ZIF-9-11l membrane was prepared upon the crystallization
of the conventional ZIF-9 which was converted into ZIF-9-1Il by means of a hydrolysis reaction
carried out by pumping water through the lumen of the hollow fiber membrane. This highlights
the flexibility of microfluidics that can sequentially generate a second phase, while minimizing
the risk of the membrane bursting. This approach has also been used to functionalize ZIF-94
membranes in situ.*3 In fact, a modification in the gas separation performance of ZIF-94 (with
sod type structure) hollow fiber membranes by means of an imine-condensation
functionalization reaction carried out by sequential microfluidics caused the ZIF atoms to be
rearranged in a less dense rho structure (ZIF-93), with a wider pore diameter and a diminished

CO; affinity.

4.3.3. Other methods

Biswal et al.®® synthesized MOF-based membranes following an interfacial synthesis
method (Fig. 11) which was used to synthesize layers of MOFs ZIF-8 and Cu-BTC MOFs either on
the outer or inner sides of PBI-Bul hollow fiber supports by microfluidic means. Like other
interfacial syntheses used for the formation of composite membranes (e.g. thin film composite
and thin film nanocomposite membranes),’333 the synthesis achieved an auto-limited growth
to obtain a continuous MOF layer by using two immiscible solvents. Besides, Biswal et al. were
able to choose the surface of the hollow fiber (inner or outer) that would be covered by the MOF
layer because the linker was soluble in both phases, but the metal salt only in one. As a result,
both CuBTC and ZIF-8 membranes were characterized by observing different crystal sizes and
shapes.® The different sizes could be explained by the effect of the superficial porosity of the
PBI-Bul support in the interfacial synthesis, but the authors did not fully explain the presence of
the different shapes. These membranes were applied to the separation of He/C3Hs and He/N,

mixtures at 35 °C with modest performance (see Table 3).
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Fig. 11. Scheme of the synthesis method developed by Biswal et al.? In a similar way to the IMMP method,?* two
different solutions (metal solution and ligand solution, both of them with immiscible solvents) were located at the
lumen side of a hollow fiber and at the shell side of the membrane module. By changing the location of both

precursors, the MOF layer could be formed on the inner or outer surfaces of the hollow fiber.

Mao et al.® designed a synthesis method in which the metal precursor for the MOF was
copper hydroxide nanostrands (CHN) and the linker was dissolved in an ethanol/water solution.
The PVDF support was first pre-coated with the CHN by a filtration step of 40 min by microfluidic
means, and after that the support was immersed in the solution where a synthesis of 40 min
occurred. This method decreased significantly the time of the HKUST-1 formation compared to
the common metal salt-linker reactions. The observed MOF film (6 um thick) was composed of
a porous layer, intergrown inside the support pores, and a dense layer of around 3 um thickness
on the support surface. When the dense layer was formed, the resistance to the linker diffusion
increased and the reaction rate decreased, thus a less packed structure was formed. The effects
of the linker concentration and filtration pressure were also studied, observing a faster reaction
rate and better intergrowth layers at high linker concentrations and high filtration rates. The gas
separation performances showed low separation factors near to the corresponding Knudsen

values with relatively high hydrogen permeances.
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Eum et al.% synthesized ZIF-90 with DMF on both crosslinked PVDF (c-PVDF) and
macroporous carbon hollow fibers. In spite of the stability of the c-PVDF support in contact with
the DMF, it tended to swell, thus its dimensions increased during the ZIF-90 synthesis.
Consequently, after the post-synthesis drying process, the c-PVDF hollow fiber dimensions
decreased, which produced the detachment of the MOF layer. In contrast, the carbon hollow
fiber did not experience the DMF swelling phenomenon, and the ZIF-90 formed was more stable.
By processing n-CaH10/i-CaH10 mixtures, Eum et al.*® observed a n-C4Hio permeance similar to
that obtained through the bare carbon fiber, even though the i-C4H10 permeance decreased after
forming the ZIF-90 layer. Because of this, Eum et al.”® concluded that there were defects in the
film, although in a low concentration. As they mentioned, previous works about ZIF-8 formation
in hollow fibers showed less defective membranes,® 895126 thys the issues in this case probably
arose from the synthesis method. The authors hypothesized that the partial miscibility of the
solvents used in the IMMP method followed here (DMF/1-octanol) may have created a less
stable MOF-carbon interface than that achieved by other authors who used an immiscible pair
of solvents (water/1-octanol). Besides, Eum et al.’® synthesized a ZIF-8 continuous layer on the
carbon hollow fiber and used the obtained membrane to dehydrate organics (furfural and
ethanol) with water/organic separation factors of 1040-570 during 4 days of continuous

operation.

4.4, Reactant savings

There is a general concern about the possibility of solvent reuse in the synthesis of
MOFs.13¢ As mentioned in previous publications about microfluidics, one of the main advantages
of microfluidic synthesis is the lower usage of reactants than in common bulk synthesis. It is
important to mention that some of the syntheses for MOF-based membranes mentioned above
are not fully based on microfluidics fundamentals. This is the case of the IMMP method and the

methods used by Biswal et al.® and Mao et al.%%, where only the solution pumped through the
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lumen side of the hollow fiber followed a laminar regime with a low Péclet number. For this
reason, the solvent and linker usages in these works were even larger than in non-microfluidic

methods, as shown in Fig. 12.

Fig. 12. Comparison in the usage of reactants for the synthesis of ZIF-8 (metal salt (A), ligand (B) and solvents (C))
between bulk crystallization and microfluidic means. Each column corresponds to (in order): Lai et al. (microwave-
assisted synthesis),'3’ Zhang et al. (contra-diffusion method),**¢ Brown et al.,* Biswal et al.,®® Cacho-Bailo et al.,?*

Cacho-Bailo et al.,?® Eum et al.,?® Eum et al.,’> Eum et al.°® and Marti et al.**

The usage of reactants for bulk synthesis that appear in the figure above corresponds to
the studies published by Lai et al.'3” and Zhang et al.}*® Among all the works published in this
field, these two were selected for comparison with the microfluidic based syntheses because
both of them use energy-efficient synthesis methods. The comparison in Fig. 12 only refers to
the usage of metal salts, ligand and solvent in the synthesis of continuous ZIF-8 layers on
different supports (flat membranes and hollow fibers made of either inorganic or polymeric
materials), but other parameters should be taken into account such as reaction time and

temperature.
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The IMMP method, used by Brown et al.®* and by Eum et al.,* °> % uses relatively high
quantities of solvents and ligand per membrane area unit (mm?2). In contrast, the metal salt
amounts are extremely low because during 420 min out of the total 560 min of synthesis time,
the metal salt solution remained stagnant. Besides, Eum et al.,*> optimized the IMMP method
synthesis conditions by reducing the ligand concentration to half the original value. Cacho-Bailo

1.2* substantially reduced the usage of reactants when preparing ZIF membranes on

et a
polysulfone because their method was only based on microfluidics. Besides, the synthesis time
was significantly lower than in the IMMP (2.5 h compared to 9.3 h). Nevertheless, the quantity
of reactants per membrane area unit was higher when using polyimide P84® supports because
they maintained the same synthesis parameters (concentration and flow), but the P84® hollow
fiber inner surface area was lower.? Finally, Biswal et al.®® designed a method where the usage
of reactants is relatively low due to the fact they synthesized ten ZIF-8 hollow fiber membranes
at the same time.

Lai et al.**” carried out the synthesis of a continuous layer of ZIF-8 on the surface of an
a-alumina support by a seeding and microwave-assisted secondary growth. Interestingly, the
ligand and solvent usages in this work were lower than in the IMMP method (see Fig. 12), even
though Lai et al.®” used a bulk synthesis divided in two stages (seeding and secondary growth).
This is due to the fact that in the IMMP a large quantity of reactants was deposited at the shell
side of the membrane module, although the usage of metal salt was significantly lower in the
IMMP method because it was pumped through the lumen side of the hollow fiber membrane.
However, it is important to mention that from the energy efficiency point of view the bulk
synthesis of Lai et al. had significant drawbacks, since it needed between 7 and 8 h, and the
procedure took place at high temperature conditions. In contrast, Cacho-Bailo et al.** needed
only 2 h for the synthesis of ZIF-8 at room temperature. Besides, the microfluidic methods in

general offer a better control of MOF layer thickness. Lai et al.'*’ synthesized a ZIF-8 film of
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about 50 um thick, while any microfluidic based membranes synthesis achieves about 10 um of
thickness as maximum (see Table S1).

Zhang et al.*® did achieve a very precise control of the ZIF-8 layer synthesis by obtaining
a thickness of about 550 nm. They used a contra-diffusion method based on several previous
works that was optimized by the development of a tailor-made membrane which consisted of a
thin polydopamine-wrapped single-walled carbon nanotube (PD/SWCNT) structure.10413% The
optimization lay in the pore size of such supports which was about 5-10 nm, smaller than the
100 nm used in previous works. As can be seen in Fig. 12, the reactants usage in the Zhang et
al.3® method was very close to that used in microfluidics synthesis. In fact, this is one of the
methods that needed the lowest amount of solvent to carry out the synthesis of ZIF-8, although

the metal salt and ligand usages were relatively high.2* Nevertheless, this synthesis took 24 h at

room temperature to finish, a time period dramatically reduced in microfluidic methods.

5. Conclusions and outlook

Metal-organic frameworks (MOFs) are a class of crystalline porous materials which has
emerged in competition to zeolites. Zeolites are thermally and chemically more stable but MOFs

have additional advantages such as their organic-inorganic character, flexible structure and

easier design. To date, MOF applications have included catalysts,**® luminescent materials,**

142 143 145

drug delivery,** sensing and electronic devicesL water treatment,*** gas separation,* gas

146 and heat transformation.?*” Therefore, it is not surprising that industrial applications

storage
of MOFs have been predicted several times in recent years.**® 14 |n fact, some MOFs are on the
market and recently the first commercial product with MOFs for the release of gases for the
semiconductor industry has been launched.'*® However, further efforts are required to expand
the market for both new materials and synthesis procedures.

The global microfluidics market is predicted to reach USD 8.78 billion by 2021, at a

compound annual growth rate of 19.2% from 2016 to 2021.%%! In this context, and as shown in
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the present review, the interest in microfluidics for the synthesis of MOFs is undeniable given
its operational characteristics such as simplicity, low sizes, short times, continuous operation
and enhanced transport properties. As has been shown, these characteristics make the process
controllable, scalable, reproducible and allow the preparation of complex, advanced and
functional structures including nanoparticles of uniform size and thin films. In addition,
compared to traditional methods, microfluidic synthesis is environmentally friendly regarding
the consumption of reagents and energy saving, with low carbon footprints and a high degree
of safety. Several MOFs particles (NH,-MIL-88B, MIL-88B, Br-MIL-88B, ZIF-8, HKUST-1, MOF-5,
IRMOF-3 and Ui0-66)> %5 ¢ & haye been prepared to date using the different microfluidic
techniques examined in this review (segmented microfluidics, digital microfluidic systems and
synthesis in microdroplets).3 56 6064, 68,72, 73 Bagides, different hierarchical structures, such as
yolk/shell MOF/polymer and MOF hollow spheres for enzyme encapsulation,” and the direct
functionalization of MOFs with desired functional groups’? have been prepared and carried out
with microfluidic techniques. Of course, other MOFs and new related materials will be welcome
additions for the newly developed microfluidic technology, for example its recent use for
COFs.15?

The importance of separation processes in industry must be taken into account since,
for example, industrial separation processes account for approximately 10-15% of the total
energy consumption in the United States.’® The use of membranes as a separation technology
of low energy consumption can considerably reduce this proportion. Among the major problems
of many types of membranes are the permeability/selectivity trade-off and their scaling and
reproducibility from laboratory conditions to industrial scale production. Therefore, the
development of appropriate materials and synthesis procedures continues to be necessary. As
discussed during this review, the exceptional properties of MOFs and the invaluable help of
microfluidics in the preparation of scalable and reproducible hollow fibers with intrinsically low

carbon footprints can aid the development of highly intensified, more effective and more
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efficient membrane processes. Such development is environmentally friendly and, of course, the
separation processes to which membranes can be applied (e.g. CO, capture, biogas upgrading
and hydrogen purification) are related to issues of the environment and sustainability. In this
review, we have analyzed different microfluidic techniques® 8" for the preparation of hollow
fibers to obtain diverse MOFs layers (ZIF-7, ZIF-8, ZIF-9, ZIF-67, ZIF-90, ZIF-93, SIM-1, ZIF-9-llI,
HKUST-1 and Cu-BTC).2224 26 84 86, 88, 89, 949 The microfluidic techniques have been shown to
provide very versatile syntheses and double layers of MOFs,? sequential modification,* and the
functionalization of membranes.!*?

In addition, microfluidic technology developed for MOF membranes used in gas
separation will be applicable to other separation techniques such as pervaporation and
nanofiltration, and of course to other related fields of interest using films
(microchromatography, sensors, microreactors, health and biotechnology, among others).%

In any event, it is not only the development of materials and synthesis methods that
should be considered for the advance of microfluidic synthesis, but also detailed
characterization which is the key to a complete understanding of advanced nanostructured
materials. Further progress in process design through modeling and simulation avoiding
heuristic approaches would also be welcome. Moreover, the combination of microfluidics with
other techniques (e.g. microwave synthesis presented as an interesting efficient method for
large scale production of MOFs) may give rise to remarkable improvements.**® And, very
importantly, it is desirable to increase the throughput and the scale-up of the process, which in
principle should be simple with parallelization.** Taking all these factors into account, the
synthesis of MOFs by microfluidics could be economically and environmentally competitive for

commercial production compared to traditional processes.
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Table S1. MOF based hollow fiber membranes synthesis parameters by microfluidics for each case.

Hx?llow Method ID Feeding Residence | Thickness
MOF Fiber of (um) Flow Time (s) (um) Ref
Material | Synthesis H (uL/min) M
2IF-8 Torlon IMMP 250 1/6 1800 88+1.4 84
ZIF-8 Torlon** IMMP** 200 1 90 5+1 86
2IF-8 Torlon*' | IMMP** | 200 10 20 81+16 85
2IF-8 Torlon*® | IMmMP*’ | 300 130 200 8505 87
2IF-8 pal-gul | Meracil | e, - - 10-25 88
synthesis
2IF-8 psf LPE 315 100 9.4 3.6+0.9 24
2IF-7 psf LPE 315 100 9.4 2.4+0.4 24
2IF-8 P84 LPE 202 100 3,8 3.6+0.9 23
2IF-67 P84 LPE 202 100 3,8 1.2£0.1 26
ZIF-93 P84 LPE 202 100 3.8 2604 22
2IF-9 P84 LPE 202 100 3.8 2.4 26
ZIF-8 P84 LPE 202 50 4.7
Z'F'Z/Z'F' 2004 2
ZIF-9 P84 LPE 202 50 4.7
2IF- 2IF-67 P84 LPE 202 50 4.7 12401 26
67/2IF-9 ZIF-9 P84 LPE 202 50 4.7 T
SIM-1 P84 LPE 202 - - - *
ZIF-9 (111) Ni LPE 480 40 0.6 - 25
CuBTC paipul | Mterfacial |0 - - 10-25 88
Synthesis
HKUST-1 PVDF - 600 - - 6.5 89
ZIF-90 Carbon IMMP 280 10 2200 3.1+05 9%
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