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Despite the many promising applications of Metal-Organic
Frameworks (MOFs) the key advances to boost production to
industrial scale still remain elusive. Recently, it has been shown
that continuous flow chemistry is capable of handling the
production of a large variety of MOFs, while also being scalable.
However commonly used laboratory methods for postproduction
processing, i.e. separation and activation are ineffective and costly
at scale. Here we present the use of megasonics, a novel and
scalable methodology based on sonication with high frequency
sound waves, which performs separation and activation
simultaneously, yielding high surface areas that previously were
only obtainable with laboratory-scale methods like solvent
exchange, supercritrics and calcination.

Metal-Organic Frameworks (MOFs) are one of the most promising
porous materials, based on their tuneable functionality, large pore
sizes and highest known surface areas.'” These characteristics are of
high interest for a myriad of applications such as gas storage™,
automotive applications,” carbon capture,® gas separation,” drug
delivery® and catalysis’. Furthermore, they have adsorption
properties suitable for dramatically increasing the performance of
heat exchange systems, for example, in heat sinks for cooling
processes in computing applications.'®> Consequently, in recent
years MOFs as smart materials have experienced an exponential
growth of reported publications, as many researchers have focused
their efforts on the challenge of developing novel types with new or
improved functionalities for specific applications.

However, there are several major obstacles that need to be overcome
in order to make these materials viable in commercial scale
applications. Large amounts of MOF materials have to be
synthesized (kg scale or higher) whilst maintaining the desired
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Figure 1. Schematics of the Metal-Organic Frameworks production, using flow
chemistry and megasonics. The precursors solutions are pumped continuously, mixed

via a static-mixer (T-piece), into the reactor. After the synthesis, the MOF solution is
directed to the separation and activation stages.
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product quality i.e. porosity, thermal and chemical stability. This has
proven to be difficult on a number of levels. For example, the up-
scaling of production capacity using traditional laboratory routes
such as the classical hydro(solvo) thermal synthesis, electrochemical
or mechanochemical synthesis, is challenging due to long reaction
times and low quality materials, caused by different nucleation
mechanisms increment of reaction vessel
surfaces.'*'* Furthermore, the large variety of MOFs gives rise to a
myriad of potential applications, but also creates an additional
obstacle for large scale production. A versatile production method,
which can accommodate most of the different synthetic approaches
used at the laboratory scale, is required to limit capital costs. Novel

arising from the

approaches like microwave synthesis and flow chemistry could
provide solutions to these problems, promising high quality
materials with impressive improvement in the Space Time Yields
(STY) compared to commercial batch approaches.”>'® To date,
continuous flow chemistry is the most promising for large scale
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production, as it is a paradigm-shifting approach to chemical
synthesis, offering continuous production and scalability following
green chemistry principles such as recycling of solvents and water-
based synthesis.!” Additionally, its large surface to volume ratio and
the improved heat and mass transfer available lead to speedy
syntheses and new synthetic pathways. Early reports have indicated
that it is possible for MOFs to be produced by continuous flow
processes, using counter-current mixing,'® microfluidic reactors,'?
and mesoscale flow production.?! These promising steps towards
MOF production at scale have been confirmed by our recent findings
that flow chemistry is not only able to produce pure MOFs at a
larger scale of kg-day™ without loss in product quality at drastically
reduced reaction times (days to minutes), but also provides the
crucial versatility needed given the wide array of known MOFs, and
the likelihood of a large range of applications each requiring
different MOFs in the future.?

Despite these promising advances, there are still several problems
associated with the production process that need to be addressed
before the large scale production of MOF materials based on flow
chemistry can be achieved. On one hand there is the amount or type
of solvent and reactants required by such operations which can be
cost prohibitive or cause significant environmental impact. The
solvothermal method of producing 11.4 g of aluminium fumarate
MOF involves 550 mL of DMF, 300 mL of acetone and 200 mL of
methanol.® On the other hand, the post-synthesis steps to obtain the
final product are not trivially solved and can substantially influence
product quality and increase the overall cost of the process. In
particular, the separation of the small crystals from the mother liquid
remains one of the challenges in the production process of MOFs at
a larger scale. There are many well established type of equipment for
solid-liquid separation such as centrifuges, cyclones, settling
chambers, classifiers or filters, in addition to the direct evaporation
of the mother liquor. However, the small size of the MOF particles,
their low concentration in the solvent, as well as their density
approaching that of the solvent (due to the high porosity), makes
separation via most conventional methods unfeasible, inefficient or
expensive at an industrial scale.?*

In this communication we address these issues by presenting for the
first time the use of megasonics as an alternative strategy for the
simultaneous separation and activation of MOF crystals.”>?" Its
operating principle is based on the application of high frequency
ultrasound to the MOF solution, leading to the separation of the solid
MOF particles from the solvent, with an additional improvement of
the surface area of the final product with simultaneous removal in
occluded reagents, hereby avoiding the time consuming and costly
calcination traditionally used in the MIL series. The combination of
megasonics and flow chemistry, two cost effective and scalable
techniques, with a water-based synthesis is an ideal candidate to
elevate MOF production to an industrial scale.?*%

To demonstrate the feasibility of this approach, we chose two
aluminium MOFs which exhibit high thermal stability up to 450 °C
and present a reversible uptake/release of water provided by an
octahedral aluminium configuration and a strong Al-O bond:
Aluminium fumarate (Al-fum) and aluminium terephthalate (MIL-
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53).3%31 Both of these MOFs present very similar structures where
the carboxylate groups of the corresponding linkers lead to the
formation of a 3D structure with rhombohedral channels
interconnected by infinite AI-OH—AI chains. For these materials
several attractive applications have been proposed; gas separation,
H, or CH, storage.’*** To implement an environmentally friendly
and industrially viable synthetic process, we use water as a solvent
instead of toxic solvents such as N,N’-dimethylformamide (DMF)
commonly used in most MOF synthesis. The strategy for this water-
based synthesis consists in the addition of a base (NaOH) to
solubilise the ligands, fumaric and terephthalic acid respectively, in
the aqueous media, thus promoting a fast coordination between the
metal ions with the carboxylic acids of the organic ligands.

The synthetic process commenced by pumping two separate
precursor solutions, the organic ligand and the metallic salt,
simultaneously through a T-type static mixer into a heated tubular
flow reactor using 1.2 min of reaction time (see details in SI.1 and
SL. 2). To isolate the MOF crystals from the reaction stream
megasonics were employed, based on the application of high
frequency ultrasound (2 MHz) to create a standing wave, i.e. regions
of minimal pressure (nodes) and maximal pressure (antinodes)
within a separation chamber (See Fig. 2c). Suspended particles
migrated specifically towards these two regions due to local acoustic
radiation forces, based on their density, size and compressibility.>**°

Figure 2. a) The ultrasonic reactor set-up with a high frequency system using one 2
MHz plate transducer shown in b). ¢) Schematic of the standing wave pattern formed by
the superimposition of a reflected sound wave. The separation distance between adjacent
nodes or antinodes, is half a wavelength. Depending on the specific density and
compressibility of the particles, they will collect either in the nodal (top, black dotted
planes) as for the bright yellow particles or antinodal (bottom, red dotted planes)
pressure planes as for the darker yellow particles. Reprinted with permission from the
work of Leong et al. Copyright 2013 ACS.** d) In the left compartment the megasonic
separation and purification process of the AI-MOF is shown at specific times during the
process. The right compartment shows the same MOF solution without sonication. The
settling of the MOF is clearly visible on the left.

This gathering of MOF material enhanced the tendency to form
larger aggregates, which then settle at a greatly accelerated rate to
the bottom of the separation chamber, where they were collected
(See Fig. 2d). In the production rig, a 1.1 L stainless steel container
was used for the separation and sonication at a frequency of 2 MHz
(305 W) for 10 min which lead to the settling of the MOF crystals at
the bottom of the vessel (See Fig. SI 9 and 10). The precise
mechanism may be related to changes in the local density that the
aggregates experience due to varying size distribution of the
nanosized MOF crystals.*® Generally, the influence of ultrasound on
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suspended particles depends on particle size, density and ultrasonic
field. However, the resultant separation can be further influenced by
possible interactions between MOF particles when they collide (i.e.
surface properties). The solvent properties will also influence the
specific density of the particles in the field, so that may also affect
the separation efficiency as well. For the MOFs structures and
solvent studied in this article no appreciable differences were
observed. Recently, Lester and co-workers reported the use of
ultrasound to activate ZIF-8 obtaining a similar SA reported
previously in literature using solvent exchange method.’” On the
other hand, megasonic separation has recently been reported to
separate immiscible liquid droplets successfully for food
applications such as milk fat or palm oil separation with no
significant change to the physical nor chemical integrity of the
product.®® To the best of our knowledge, no previous study has used
megasonics, for the simultaneous separation and activation of MOF
materials.

To determine the quality of the crystals, the MOFs separated with
megasonics and the standard lab-scale centrifuge were compared by
XRPD and SEM measurements. X-Ray powder diffraction (XRPD)
confirmed the crystallinity of Al-fum and MIL-53, showing identical
patterns to those of crystals synthesized by solvothermal methods.
Note that the Megasonics separation had no impact on the
crystallinity of the materials as demonstrated by identical pattern
diffraction (See Fig. 3). From the SEM images it was observed that
the high-frequency treatment did not affect the size and shape
distribution of the MOFs (See Fig. 3). The thermo gravimetric
analysis (TGA) curves showed a continuous weight loss over the
temperatures ranges 50 to 100 °C due to water loss and thermal
stability up to 450 °C (see Fig. SL.5).

—— Centrifuge
—— Megasonics
—— Simulated MIL-53

—— Centrifuge
—— Megasonics
—— Basolite A520
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Figure 3. Comparison of SEM images of a-b) Al-fum and d-e¢) MIL-53 using
conventional centrifuge separation on the left and megasonics on the right. F-g)
Comparison of the XRD pattern diffraction of the megasonic and centrifuge product
compared to a calculated pattern for Al-fum and MIL-53 respectively.

C-potentials recorded before and after each processing step (See SI
Table 1), showed no significant changes to the surface charge,
indicating separation based on reversible aggregation. However, the
recoverable MOF yield obtained with megasonic separation
compared to the conventional centrifuge method was 3 % less for
each step (see SI Table 2 and Fig. 3). This difference could be
attributed to the fact that centrifuge separation generated a higher G-
force compared to settling by gravity in megasonics, leading to a
more effective separation of the MOF material. The measurements
of the BET surface areas revealed that the MOFs separated and
activated with megasonics showed a drastic increase of 21% for the
Al-Fum and 47% for MIL-53 over standard centrifuge washed MOF,
which had BET values similar to literature (see SI Table 2, Fig.
SI.12 and Fig. 4). We attribute this improvement to the enhanced
mass transfer that arose from acoustic streaming during megasonic
application promoting the removal of excess organic ligands
molecules from the pores of the MOF crystals.
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Figure 4. Comparison of the BET surface areas obtained with the different separation
methods and that of the commercially available MOF from Ref.*** Note that all

samples were activated with the same procedure.

We have presented the combination of continuous flow chemistry
and megasonics as a fast and cost-effective strategy to produce high-
quality Al based MOF materials. The methods employed for
synthesis, separation and activation are readily scalable and thus
capable of producing commercially usable product at large scale,
allowing the commercialisation of MOFs for many real world
applications.
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