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Realising the environmental benefits of metal—
organic frameworks: recent advances in microwave
synthesis

leuan Thomas—Hillman,@T Andrea Laybourn,@’r* Chris Dodds @&
and Samuel W. Kingman@

Metal-organic frameworks (MOFs) are a broad class of porous crystalline materials that show great
potential for a wide-range of applications in areas such as energy and environmental sustainability. MOFs
can show significant advantages in gas selectivity and separation over traditional adsorbents such as
zeolites and activated carbons since they are tuneable both in terms of porosity and chemical
functionality. The ability to control the pore environment of the MOF is one of their remarkable
advantages and affords control over the structure and properties required for specific applications.
Despite these advantages, the industrial adoption of MOFs is slow owing to the paucity of scalable,
environmentally sustainable manufacturing methods and higher costs compared to zeolites. Microwave
(MW) technology is an extremely promising method of MOF production owing to significantly reduced
reaction times and subsequently lower process energy consumption, control over MOF properties, and
the ability to produce MOFs and MOF-hybrids otherwise difficult to isolate or unobtainable through
other synthetic routes. However, the ability to produce the multiple kilogram or even tonne quantities of
MOFs required by industry using MW technology is yet to be achieved owing to little or no
understanding of the interaction(s) of reactants and MOFs with the electric field, and crucially, how this
informs the design of the scale up processes. This review aims to bridge this gap in knowledge by (1)
highlighting recent advances in understanding of MW-MOF interactions and areas for future focus; (2)
providing an up-to-date and comprehensive summary of literature on MW synthesis of MOFs, focusing
on examples where MW heating has facilitated novel and unique results in the laboratory; and (3)
emphasising the advantages, challenges and current steps and methodologies required towards
industrial-scale MW production of MOFs.
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1. Introduction

Metal-organic frameworks (MOFs)> are a specific subset of
coordination polymers, comprised of metal nodes/clusters and
organic linkers, which combine together forming porous
supramolecular networks analogous to zeolites in structure.
The field of MOFs first emerged in the 1990s with preliminary
work performed by Hoskins and Robson.** In 1995 Yaghi
et al>”’ used the term “metal-organic framework” for the first
time, showing selective accommodation of guest species in the
porous material. Since these early reports, an exponentially
increasing number of frameworks have been synthesised and
studied, leading to the development of one of the hottest areas
of chemical research with over 17 000 papers in the field pub-
lished to date, as shown in Fig. 1.

MOFs have attracted extensive and continually increasing
interest from both academia and, more recently, industry owing
to their unprecedented porosity and structural and functional
diversity. Proposed applications of MOFs include separa-
tions,> ™ gas storage,'* catalysis,"** sensing,"**** as synthetic
precursors to porous materials'*"” and as stimuli-responsive
materials.'®" A significant advantage of MOFs over traditional
adsorbents such as zeolites and activated carbons is the ability
to tailor the pore environment of the MOF which affords control
over the structure and properties required for any specific
application.”

Typically MOFs are prepared by solvothermal batch reactions
whereby solutions of metal salt and organic linker are heated
above the boiling point of the solvent and retained under
autogenous pressure for up to one week.”* This synthetic route
has inherent problems as it can produce MOFs of low quality
(reduced crystallinity and porosity and non-uniform particle
size and morphology, all of which are vital for processing to
tailor practical applications). Additional problems include poor
reproducibility between batches, long reaction times, large
volumes of toxic solvent, and high cost of scale-up along with
significant energy consumption.”®> The development of
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Fig.1 Number of MOF papers published by year highlighting the high
level of research interest.®

technologies that reproducibly give high-quality MOFs whilst
reducing the cost of manufacture in an efficient and sustainable
way is a key enabling step in the transfer of MOF research from
the laboratory to industry and the ultimate realisation of the
environmental process benefits that MOFs offer.

Over the past two decades microwave technology has been
investigated as an alternative heating method in the prepara-
tion of MOFs with a rapidly growing number of publications in
this field (over 200 papers published to date).”® Microwave
heating is a tremendously exciting route for MOF production as
it offers the following benefits; considerably reduced synthesis
times (from hours to seconds) and therefore significantly
reduced energy consumptions>**** and control over MOF prop-
erties (particle size,****” morphology*® and phase-selectivity®®).
Importantly, through rapid and selective heating, microwave
technology has been used to prepare MOFs and MOF-hybrids
otherwise difficult to isolate or unobtainable through other
synthetic routes. Despite this hugely exciting research, the
majority of published approaches have involved generic lab
microwave systems and experiments that essentially use
microwaves as a mechanism for simply rapid heating of solvent.
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The same is also true of attempts to process zeolites using
microwave heating where a number of laboratory-scale studies
have been reported using domestic microwave ovens.* In order
to facilitate future developments in microwave synthesis of
MOFs (and zeolites) beyond the laboratory, greater under-
standing of the microwave parameters that are essential for
scale-up is required. To this end, we present an up-to-date
critical survey of literature relevant to MW synthesis of MOFs.
This paper is organised as follows: first the theory of microwave
heating and parameters that inform the design of scaled-up
MW processes are discussed. Next we provide a comprehen-
sive summary of MOF synthesis using microwave heating and
compare materials prepared by this method to those obtained
by conventionally heated solvothermal routes. Here we focus on
reports of novel results exclusive to microwave heating as it is
well-known that for economic impact MWs must be able to
achieve outcomes that no other thermal processing method can
due to high capital expenditure.* Finally we discuss the chal-
lenges and current progress towards industrial-scale MW
production of MOFs. This review aims to assist the progression
of microwave-assisted MOF synthesis research by systematically
organising previous knowledge in this area across the reported
literature in an accessible and informative manner and by
identifying areas for future growth.

2. The theory of microwave heating
and its application to MOF synthesis

In conventional heating energy is delivered to the material (or
reaction mixture in the case of MOF synthesis) by conductive,
convective or radiative heat transfer. In dielectric or microwave
heating, energy is delivered through interaction of the elec-
tronic structure of the material with the alternating electric
field. The extent to which the material interacts with the electric
field can be characterised by the dielectric properties of the
mixture (specifically the dielectric constant, ¢, and dielectric
loss, ¢”).>** ¢ indicates the ability of the material to store energy
through a form of polarisation, while ¢” is the ability of the
material to convert the stored energy to heat.***' At microwave
frequencies, two polarisation or loss mechanisms occur,
namely dipolar and ionic polarisation.***>* Dipolar mecha-
nisms occur for molecules that have a permanent dipole, such
as water and N,N-dimethylformamide. These molecules expe-
rience torque which forces them to reorient in the direction of
the applied electric field.**** Ionic mechanisms occur in solu-
tions containing ions, such as dissolved salts; in this case the
cations and anions are displaced by the oscillating electric
field.***>* In both dipolar and ionic polarisation, the species in
solution experience frictional forces from neighbouring mole-
cules which is lost as heat.***>* It is important to note that the
dielectric properties (¢ and ¢”) greatly depend on a number of
factors including, but not limited to, frequency of the electro-
magnetic field, temperature, physical state (solid, liquid, or
gas), composition and concentration.***>** Therefore, ¢ and &’
may vary considerably during a microwave heating process and
determination of their values for each reaction is required for
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detailed understand of the interaction of the electric field with
the material(s) of interest.*

The dielectric properties of individual components within
the bulk reaction mixture indicate which reactants interact
more strongly with the electric field and thus heat more effec-
tively. Generally, reactants with high values of ¢’ heat well and
those with low ¢” heat poorly. If there are large differences in the
dielectric properties, then individual components will be
selectively heated and become much hotter than the bulk.**
Through dielectric properties measurements, Laybourn et al.**
showed that aqueous metal(m) salts interact strongly with the
electric field (¢” > 35), whereas terephthalic acid exhibits little
interaction (¢” < 0.03). These results showed that the aqueous
metal(m) salts will absorb more power and, therefore, heat more
effectively than the ligand. This was the first indication of
a selective heating process in MOF synthesis by microwaves.
Further evidence of a selective heating mechanism in micro-
wave synthesis of MOFs was also provided, for the first time, by
Laybourn et al* Using a specifically designed single mode
microwave applicator capable of housing a pressure vessel in
a well-defined electric field. The authors showed an increase in
yield of MIL-53(Al) (MIL = Materials Institute Lavoisier) with
increasing average absorbed power at a constant total absorbed
energy. Importantly, the reports by Laybourn et al. showed that
while still often conducted in pressurised vessels and with
identical reaction mixtures, microwave synthesis of MOFs
proceeds via a different heating mechanism to conventionally
heated reactions. Selective heating can be advantageous as it
may give reaction products unobtainable through conventional
heating and can result in lower production of unwanted side-
products; this is discussed further in Section 3. Crucially it
also gives rise for the potential to significantly reduce energy
consumption in a process as the whole bulk of the reaction
mixture does not need to be heated to the same overall
temperature as in a conventional process.

As well as governing the ability of the material/bulk reaction
mixture to absorb and convert microwave energy to heat, the
dielectric properties also directly affect the distribution of the
electric field within the microwave cavity and the power density
dissipation, as shown in eqn (1):

Pd = ZTEfé‘()EHEZ (1)

where P, is the power density dissipation (W m™~?), fis frequency
(Hz), & is the permittivity of free space (8.854 x 10> Fm ™ '), Eis
the electric field strength in the material (V m™%).

In addition, the temperature rise resulting from absorption
of microwave energy by the material is related to the power
density dissipation, as shown in eqn (2):

Py = cp(:l—f (2)
where c is the specific heat capacity (J kg™ °C™), p is density of
the material (kg m~?), dT'is the change in temperature (°C) and
dt is the time increment (s).

From eqn (1), it is evident that the power density dissipation
varies proportionally to ¢’ and frequency, and by a power of two

n

This journal is © The Royal Society of Chemistry 2018
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with the electric field. Consequently, significant increases in
electric field strength, frequency and ¢” will result in greatly
increased power dissipation densities and thus heating rates
(see eqn (2)). Therefore, it is essential to quantify the dielectric
properties and electric field distribution when designing
microwave cavities as this will control the power density in the
heated phases of the material under treatment.

The final parameter crucial to the development of microwave
heated systems is the penetration depth. The penetration depth
is defined as the point at which the electric field reaches 37% of
its original value; the amplitude of the electric field diminishes
owing to absorption of the field by the material and conversion
into heat. The penetration depth depends greatly on the
dielectric properties of the material, as shown in eqn (3):

Ao 1

D. —
P om/2¢ o\ 2 0.5
{1+(,) } _1}
£

where D, is the penetration depth (m), 4, is the free space
wavelength of the incident radiation (m), ¢ is the dielectric
constant and ¢” is the dielectric loss.

The penetration depth is an important parameter in micro-
wave cavity design as it gives an indication of heat distribution
within the material, i.e. whether heating is taking place primarily
on the surface of the reaction mixture/material or volumetrically
(heating the bulk). To put this into perspective, a typical MIL-
53(Al) reaction mixture containing Al,(SO,);-18H,0 (0.77 g, 1.2
mmol), terephthalic acid (0.19 g, 1.2 mmol) and deionized water
(6.7 mL) has a penetration depth of 0.38 cm.*

From this section, it should now be clear that the dielectric
properties, power density, electric field distribution and pene-
tration depth are all vital in microwave processing as these vari-
ables underpin the successful integration of microwave energy
with chemical reactor systems capable of delivering the required
materials, consistently at high quality and at the correct cost base
and with minimal environmental impact. The literature pre-
sented in the following sections will be reviewed in this context.

3. Microwave synthesis of MOFs:
a comparison of time with
conventionally heated reactions

3.1. Background

With the prevalence of microwave heating in organic chemistry
and the availability of ‘off the shelf’ microwave reactors, it is
unsurprising that this technology has been increasingly applied
to the synthesis of MOFs. Microwave technology has been used
to prepare MOFs from transition metals***' p-block metals
(namely lead and indium),*>** alkali and alkaline earth
metals,*° lanthanides and actinides;***® bimetallic MOFs;*’
and mixed-linker MOFs.>®**" Additionally, microwave heating
has been used in the synthesis of MOF linkers,***® MOF thin
films,*””7° membranes,” ¢ for surface deposition***”7%77-#* and
for solvent-free synthesis of MOFs.**** Early reports typically
used microwave heating as a faster route to known MOFs by

This journal is © The Royal Society of Chemistry 2018
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adapting the conventionally heated solvothermal reaction
conditions. Only recently has microwave synthesis been used
independently for discovery of new MOFs facilitated by the
ability to screen many reaction conditions in a shorter period of
time compared to conventional heating routes.> %

The next sub-sections (3.2 to 3.6) of this paper summarise
the effect of microwave heating on the reaction conditions and
properties of MOFs produced. Where possible, information
about microwave parameters such as power, treatment time,
and type of cavity (or reactor) have been included and are dis-
cussed. However in all reported examples there is no informa-
tion about the penetration depth and so it is not currently
possible to determine whether the bulk synthesis mixture was
heated by microwave energy or if the surface was heated by MW
and the inside heated through conductive heat transfer. This is
a major limitation in much of the literature currently published
as it is impossible, without this knowledge, to determine if the
systems were actually heated by microwave energy or a shell of
the material heated by microwave energy with the majority of
the reaction mixture being heated through conductive heat
transfer from a microwave heated zone into the bulk.

3.2. Influence of microwave heating on MOF reaction time

The shorter reaction time enabled by microwave treatment has
been noted across all synthetic chemistry and was readily
apparent in the first report of microwave synthesis of a MOF in
2005.°" In this pioneering work Jhung et al. prepared MIL-100
via microwave and conventional routes by heating an aqueous
mixture of metallic chromium, trimesic acid and hydrofluoric
acid ina 1.0 : 0.67 : 2.0 molar ratio to 220 °C (the conditions for
MIL-100 synthesis were previously established by Férey
et al.®®).°* The significance of microwave heating was demon-
strated by a marked reduction in synthesis time without affecting
the yield; 44% after 4 hours reaction in a Mars-5 CEM multimode
microwave reactor (power not given) compared to 45% after 4
days in a conventionally heated oven.”* Thermo-gravimetric and
X-ray diffraction analyses showed the MIL-100 products to be
consistent regardless of heating method, however, a slightly
reduced pore volume (from 1.16 to 0.97 cm® g~ ') was exhibited by
the microwave-synthesised material.

Since 2005, microwave heating has continually been shown
to facilitate a progressive reduction in MOF reaction time (in
some cases the time is reduced by up to 99.8%, as presented in
Table 1). Many papers show the ability to synthesise MOFs
using microwave energy in the order of minutes.*® Two reports
have also demonstrated the synthesis of MOFs in as little as 25
(1 mL solution heated in a model 520A microwave reactor from
Resonance Instrument Inc.)** and 4.3 seconds (6.7 mL solution
heated in bespoke system with a cavity designed to enable
precise control of the power and energy input to the reaction
mixture);**** with the latter representing the fastest reported
synthesis of a MOF on the tens of milligram scale to date.*>**

3.3. Influence of microwave heating on MOF crystal size

A consequence of the shorter reaction times afforded by
microwave heating is the reduction in crystal and/or particle

J. Mater. Chem. A, 2018, 6, 11564-11581 | 11567


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ta02919a

View Article Online

Review

Journal of Materials Chemistry A

*21nssa1d1940 proae 03
Po3IBaY-21 PUE PALI[S ‘[9SSIA 33 PIAOWIAIL SIOYINE Y3 HNUIL A19A3 ‘O[qB[IBAR BIEP ON 5 "SOIIABD SPOW-DNIA , "SIBIABD Spowl J[3UIS , "90Ua13§21 [BULSHO Y} Ul paiodal Jou BIep aanEInUEND ,
*2IMXIUW UONOeAI oy} Aq paqiosqe 1omod [ENIOE Y 309[J2I JOU S0P Puk payoedl sem armeradwa) 1081e3 oY) 20uo padueyd daey A[ONI[ [[I4 SIYI “IUN [OIIUOD SABMOIDIW S} UO I35 IMOd ,
*saoe|d [ewIoap om) 03 93e3usdiad € se passardxs (HD) SUneay [EUOHUIAUOD 03 SANE[DI (MIA) SISIYIUAS SABMOIIIW JO SWI) UONDIEY , 00T — X ‘X = 00T X (HO/MIN) WO PAE[NI[Ed sagejuadiad [Iv ,,

08 ¢ do3s
10T » 00T T das /5-SUVIN INHD S0T— 00T+ €~ S'86 8T OF¥T P(oag)'(HO)"0%1Z] 99-0In
,0007-AM
sjuowINIISU] (sye14X0qTRIIP U2AIS dweu
00T 00ST »  OUDUSDS WAN21d 90+ 02— » $6'66 T 0CEY suareyydeu-¢‘1)od [BIALL} ON
66 0L 00% /5-SUVIN INHD ¥9'CT+ » » 8,06 LV OIS O°HS-%(O°H)(dLHA) 0D £T-0dD
86 S91-56 000T  ,00TT-SAN WID 09— S6— » T6'L6 0 0PI [((bag)ouz] S-10N
L6 0L 00CT /5-SUVIN INHD » » » €5'96 0ST 0TEY [Daga(Ho)?4] €S- TIN
96 0ce 00€ ,19A00SID INAD TLSTH 12 1¢— 6— 19'86 ST 080T [F(oag){(0*H)HOf1D)] TOT-TIN
,dXd8 °YO%H)
95 <8 00%  Ioyenul agelorg » » » €8°66 s o088t -[(1D)Y(°ON)(OdLLL)uT] SIOW-UT
9-d1L1201d

S6 5 00,  ‘zue[en opsawoq 9€°TT+ » » £9°66 ¥ 00TT

6 08T 00T ,19A00SIP INED 1S°S+ » T+ T6'L6 0 OFFT
€6 (148 00TT /S-SYVIN WHD SeTTH 05— S— €8°66 09 OF¥L {Drg)snd T-LSNIH
798 (Do) "dwdL (M) ,1omod od£y (o) eoxe d0BJINS (%) 9215 (%) PIPIE JOW (%) WD SISOIUAS  MIN HD JuIeUu oNeWSAS  (duwreu [eIAln) IO

f1aeD ur a3uey) [eIsAIo ur adueyD ur a3ueyD ur uononpay

SUONTPUOD JABMOIDIA (seanurw)

awn

uonoedy

,DUIIE3Y 1RUONHUSAUOD UM UOSLIedUWOD 3034Ip B Se SISSYIUAS 4O J0) dUl} UOIDeaJ Ul Uoponpal e buiiodal siaded jo Alewwns T a1qel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 87:TT:Z 5202/0Z/TT U0 papeo|umod "8TOZ 8unf #T U0 Paus!and ®[01Y ss800y usdO

lis © The Royal Society of Chemistry 2018

a

This journ

11568 | J. Mater. Chem. A, 2018, 6, 11564-11581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ta02919a

Open Access Article. Published on 14 June 2018. Downloaded on 11/20/2025 7:11:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

size of MOFs compared to those produced using conventionally
heated solvothermal routes. In some cases a 50% reduction in
crystal size is observed (see Table 1 above).”* Unlike conven-
tionally heated routes, a narrower crystal size distribution is
also exhibited by MOFs produced using microwave-assisted
synthesis.®> Many research groups have highlighted the
importance of particle size and distribution for environmental
applications such as chromatographic separations,'®* adsorp-
tion,*'* catalysis'®***® as well as for making multiferroics.'*”
These results (small crystals and narrow size distribution) have
been ascribed to faster kinetics of crystal nucleation and growth
owing to hot-spots (or selective heating of components) in the
reaction mixture.”” It has been hypothesised that the hot-spots
give rise to a high concentration of nucleation points and
thus a large nuclei to reactant ratio. As the crystals grow on
these nuclei, remaining reactant is rapidly consumed, resulting
in crystal size reduction.’® In attempts to quantify the effect of
heating source on the crystallisation of MOFs, Haque et al.
followed a two-step synthesis of MIL-53(Fe) prepared by ultra-
sound, conventional, and microwave heating methods using ex
situ powder X-ray diffraction (PXRD).”” The authors reported
increased acceleration factors (calculated from the pre-
exponential factor in the Arrhenius equation) of 14.8 and up

O
Fe,0,
Spindle Spindle

Fig. 2 Morphological progression of iron oxide produced from MIL-
53(Fe) in a two-step synthesis. Step 1 involved microwave synthesis of
the MOF. In step 2, the MOF is calcined. Control of morphology was
demonstrated by altering the reaction time in step 1. Reprinted
(adapted) with permission from (W. Guo, W. Sun, L.-P. Lv, S. Kong and
Y. Wang, ACS Nano, 2017, 11, 4198-4205). Copyright (2017) American
Chemical Society.
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to 53.1 for crystal nucleation and growth, respectively, under
microwave conditions (CEM Mars 5 reactor, up to 1200 W,
70 °C) compared to conventional heating (70 °C).”” Ultrasound
(VCX 750 ultrasonic generator from Sonics & Materials, Inc;
power varied at fixed reaction temperatures) was also found to
have increased acceleration factors (48.7 and 284.2 for the
nucleation and crystal growth steps, respectively) compared to
conventional heating.”” However, in the case of ultrasound
synthesis, the mode of acceleration is ascribed to cavitation
whereby formation, growth, and instantaneous collapse of
bubbles in the reaction mixture generates local hot spots.'*”
Further kinetic studies by ex situ PXRD have also shown
significant acceleration of crystal nucleation and growth by
microwave heating for a range of MOFs.**"'® However, all kinetic
studies conducted thus far carry a level of inherent inaccuracy.
No consideration is given to the influence of power absorbed by
the reaction mixture in the microwave or ultrasound experi-
ments. These approaches also do not take into account the
effect of localised microwave heating and simply measure
average bulk temperature arising from the differential heating
of individual components, coupled with subsequent heat
transfer.

In addition to a reduction in crystal size and distribution,
many groups have demonstrated the ability to control the
crystal size during microwave synthesis. Ni and Masel were able
to fine-tune the crystals of IRMOF-1, -2 and -3 on the sub-
micrometre scale by altering the concentration of the reaction
mixtures, more dilute mixtures being preferable.>* Bag et al.
showed control over crystal size for a series of isostructural
lanthanide MOFs by careful manipulation of the reaction time;
5 minute reactions yielded micro-crystals and longer times (>30
minutes) gave larger crystals similar in size to the convention-
ally heated solvothermal route.>® Similarly, Li et al. reported
control over IRMOF-3 crystal size by varying the synthesis
time.""* Bunzen et al."* and Liu et al.'* demonstrated control
over particle size for MFU-4 and a cyclodextrin MOF, respec-
tively, by variation of reaction time and addition of chemical

Fig. 3 Morphological differences between microwave (a) and conventionally heated (b) syntheses of a 2-pyridyltetrazole cadmium MOF.**®
Reprinted from Chinese Journal of Chemistry, A. Chouhan, G. Pilet, S. Daniele, et al., Shape Controllable Preparation of Submicronic Cadmium
Tetrazole-Based Metal-Organic Frameworks via Solvothermal or Microwave-Assisted Methods and Their Photocatalytic Studies, with
permission from John Wiley and Sons. Copyright 2017 SIOC, CAS, Shanghai & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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modulators to the reaction mixture. Reactions involving addi-
tion of a modulator with the same chemical functionality as the
linker to the reaction mixture in varying amounts is referred to
as coordination modulation.'** Finally, Laybourn et al. tuned
the particle size and distribution of MIL-53(Al) during micro-
wave synthesis by altering the absorbed power at a fixed energy
(250-4000 W; 56 k] mol ', based on water as the solvent)
showing smaller crystals and narrower size distributions with
increasing absorbed power.*

3.4. Influence of microwave heating on the morphology of
MOFs

In most instances of microwave synthesis of MOFs, the
morphology (i.e. crystal or particle shape) of products is the
same as those produced using conventionally heated sol-
vothermal methods. However, few examples of differences in
morphology have been reported. Taylor et al. showed a change
from spiral rods (1-2 pm) to smaller (300 nm) block-like parti-
cles for the room temperature and microwave-assisted
syntheses, respectively."*® Using microwave-assisted coordina-
tion modulation (for further explanation see Section 3.3), Sakata
et al. altered the morphology of Zn,(ndc),(dabco) (ndc: 1,4-
naphthalenedicarboxylate; ~ dabco:  1,4-diazabicyclo[2,2,2]
octane) from large micron-sized cubic crystals to nano-sized
rods by changing the quantity of modulator added to the reac-
tion mixture."™* Guo et al. demonstrated morphological control
over MIL-53(Fe), and the resultant iron oxide nanostructures
produced from the calcined MOF, by varying the reaction time
in the MOF synthesis step.''® Reaction times of 0.5 and 2 hours
gave 1.5 pm long spindles and shorter, fatter spindles, for the
iron oxide materials respectively (see Fig. 2)."*° At longer times,
the microwave reaction led to the production of yolk-shell

Surface area (m?/g)
N w
8 8
o o

8
o
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octahedra with increasing size until 12 hours where large rod
structures were observed (Fig. 2)."*¢ In all cases PXRD confirmed
production of MIL-53(Fe) in the microwave-synthesis step''®
except for the 12 hour reaction which produced a different,
though previously reported phase.""”

Finally, Chouhan et al reported aggregated rhomboidal
crystals and thin needle crystals for a MOF based on 2-pyr-
idyltetrazole and zinc produced by conventional and microwave
heating methods, respectively;'*® and rhomboidal (Fig. 3a) and
bundled fibrous (Fig. 3b) nano-sized crystals for the conven-
tional and microwave synthesis of the isostructural cadmium
analogue, respectively.'*®

Interestingly, although PXRD analyses of the zinc and
cadmium 2-pyridyltetrazole MOFs indicated identical crystal
structures, the materials produced via microwave and conven-
tional methods exhibited subtly different properties (BET
surface areas, UV-vis absorption, and luminescence).'”> As
a result of these differences, the microwave products performed
better in the studies of photo-catalytic degradation of methy-
lene blue, which the authors attributed to the higher surface
area and therefore more accessible reactive sites in the
microwave-synthesised MOFs."*®  Although changes in
morphology as a result of microwave heating have been re-
ported, the effect of microwave heating on the growth mecha-
nism is yet to be established.

3.5.
MOFs

Influence of microwave heating on the surface area of

The surface area varies largely for any given MOF. For example,
MIL-53(Al) from commercial sources (tradename: Basolite®
A100) is supplied with a surface area ranging from 1100 to
1500 m> g~ '.’>* Many factors are known to affect the surface

* SO S 3
Kf” g c)"\ %“‘ o s\.‘” s\.°’ D 0 \9 °>°’ $ \.‘” s\"’
& & & 5 & & & & & & & &
Q Q \ Q < S \§ < < < « < \$ \$
A \Q \$ Q \§ N N \ 8 \S Q \$ N }2)
SHENE T I S T S N C A
& N S N N O \¢ § & > N N N4
& & & & D N\ S 'v@ QQ@ & & <
@2\ <<®°
MOF

Fig. 4 Bar chart showing comparative surface areas between MOFs prepared using microwave (red, BET; green, Langmuir) and conventionally
heated solvothermal (blue, BET; black, Langmuir) synthesis. Ref. 95% MOF activated by dissolution in CHCls. Ref. 95° MOF activated using
supercritical carbon dioxide. Synthesis conducted in ethanol and water (ref 94%) and DMF (ref 94°).

11570 | J. Mater. Chem. A, 2018, 6, 11564-11581

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ta02919a

Open Access Article. Published on 14 June 2018. Downloaded on 11/20/2025 7:11:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

area, including solvent choice, quantity of solvent in the reac-
tion mixture, ratio of metal to linker, choice of metal salt and
reaction temperature."**** Therefore, in order to make a fair
assessment of the effect of heating method (conventional sol-
vothermal vs. microwave) on the surface area, comparison
between reactions involving the same chemical conditions are
required. In these cases, microwave synthesis of MOFs has
generally been shown to give products with higher surface areas
than those produced via conventional heating routes (see Table
1 and Fig. 4).

In a comparative study, Khan and Jhung found HKUST-1
synthesised using microwave heating to have a larger surface
area and pore volume than the conventionally heated sol-
vothermal product (1080 m* ¢~ ' and 0.39 cm® g~ " compared to
890 m* g %, 0.32 cm® g ?, respectively, see Table 1).%* Increased
surface areas and pore volumes for MOFs produced by micro-
wave heating compared to conventional heating have also been
reported for MIL-101 *® and further examples of HKUST-1 *+*°
values are given in Table 1. The largest increase in surface
area with microwave heating to date was reported by Lou et al.
for a 1,4-naphthalene di-carboxylate based iron MOF syn-
thesised using a WF-4000 microwave reactor (PreeKem Scien-
tific Instruments).’® In this case a surface area increase of
around 40% was observed (see Table 1).

An increase in surface area for microwave-synthesised MOFs
has been attributed to the production of smaller crystals
compared to those resulting from conventional heating
methods.* There are many cases where nano-sized crystals have
been found to exhibit greater surface areas than larger MOF
crystals.”* However, few examples of reduced surface areas for
MOFs produced by microwave heating have been reported.
These include MOF-5, UiO-66 *** and MIL-53(Al)*® where the
reduction in surface area was attributed to trapping of oxidised
reaction solvent in the pores of the MOF,® a reduction in linker
defects,* and thermally-induced deterioration of crystal
quality at high absorbed powers,* respectively. Finally, Kim
et al. reported both larger and smaller surface areas for MIL-125
and NH,-MIL-125 materials produced using microwave heating
(power and reaction time varied) compared to conventionally
heated reactions with no clear trend.” This result suggests that
any effect microwave heating has on surface area is dependent
on the specifics of the particular synthesis (reactant ratios,
solvent systems).

100

3.6. Summary

In Section 3 we have shown that microwave synthesis is an
extremely promising route for MOFs as it potentially offers
shorter reaction times, and therefore, lower energy consump-
tions, control over crystallite size and morphology, and can also
produce MOFs with higher surface areas than those produced
by conventional solvothermal methods. However, despite the
huge activity in this area, gaps in fundamental understanding
are still prevalent. For example, the underlying effect of
microwave heating on morphology, crystal growth and surface
area are still not fully understood. Additionally, many of the
reported studies use the average temperature of the reaction

This journal is © The Royal Society of Chemistry 2018
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Fig.5 Schematic representation for the formation of two MOF phases
(MIL-101 and MIL-53) from reaction between CrCls-6H,0 and H,BDC
in water using microwave and conventional heating. Reprinted from
Coordination Chemistry Reviews, 285, N. A. Khan, S. H. Jhung,
Synthesis of metal-organic frameworks (MOFs) with microwave or
ultrasound: rapid reaction, phase-selectivity, and size reduction, 11—
23, Copyright (2015), with permission from Elsevier.
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mixture as a key indicator for microwave heating. In order for
the area to move forward the effect of microwave parameters
such as electric field strength and distribution and the dielectric
properties must be considered in order to determine if the bulk
synthesis mixture was heated by microwave energy.

4. Microwave synthesis of new MOFs
and MOF-hybrids

4.1. Background

Microwave heating is advantageous for MOF discovery owing to
the ability to screen many reaction conditions in a short time-
frame. Additionally, selective heating offers the potential to
produce new MOF structures through kinetically driven reac-
tions. This section discusses the use of microwave technology in
the preparation of new MOFs and MOF-hybrids.

4.2. Phase-selective synthesis of MOFs

MOFs can exhibit multiple phases; that is different arrange-
ments of the same metal nodes and linkers, resulting in
fundamentally different crystal structures. In some instances
up to 5 separate structural phases have been produced from
the same reactants.'**'*” Different MOF phases often exhibit
different properties, notably surface area, therefore produc-
tion of specific phases is essential for targeting precise
properties.*”® Synthesis of specific MOF phases can be ach-
ieved through control of pH and temperature, by templating
and by microwave heating.>* For example, Khan and Jhung?>®
investigated phase selective synthesis of two MOFs, namely
MIL-53(Cr) and MIL-101(Cr), from aqueous reaction mixtures
of chromium chloride hexahydrate and terephthalic acid
(H,BDC).?® The reaction mixtures were heated to 210 °C under
autogenous pressure using either conventional or microwave
heating for specific time intervals (daily and hourly, respec-
tively) and the ratio of phases was determined by ex situ PXRD

analysis.”® In the early stages of reaction, <1 day for
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Table 2 Summary of hybrid MOF materials produced using one-pot
synthesis and microwave heating

Classification of

material produced Details Ref.
Core-shell hybrid MIL-53-Cr/V 135
Inorganic composites Silica/HKUST-1 131
Alumina/HKUST-1 131
Silica (MCM-41)/HKUST-1 132
Spiropyran incorporation in 133
thin film JUC-120
Entrapped molecules/ Keggin phosphotungic acid 134
‘doped’ hybrid MOFs doped MIL-101
IRMOF-3 doped with silver 111
nanoparticles
Cu-BDC/reduced graphene 136

oxide composite as a precursor
for hybrid metal oxide

conventional and <3 hours for microwave heating, the kinet-
ically favourable MIL-101(Cr) product was dominant.?® Longer
reaction times (>3 hours) resulted in greater quantities of the
thermodynamically favourable MIL-53(Cr) product.”® The
authors proposed a mechanism for the formation of these two
phases; MIL-101 forms first, disassembles, re-assembling to
form the MIL-53 phase, as shown in Fig. 5.®'* Exclusive
synthesis of the MIL-101(Cr) phase (termed ‘phase-pure’) was

1.0 pm

View Article Online
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achieved using microwave heating with reaction times of 1
hour.?®

Further work by Khan et al. focused on a series of three
frameworks based on aluminium metal nodes and trimesic
acid, namely MIL-96(Al), MIL-100(Al) and MIL-110(Al)."*® Alter-
ation of the reaction time and pH during microwave heating
enabled isolation of the separate phases; MIL-110(Al) < 2 h,
2.3 M equivalents of base; MIL-100(Al) < 2 h, 2.3 M equivalents
of nitric acid and reactions conducted above 2 hours afforded
the thermodynamically stable MIL-96(Al) phase.’* Interest-
ingly, the authors identified a downward trend in porosity with
BET surface areas of 1056, 639 and 216 m> g, for MIL-100,
MIL-110 and MIL-96, respectively, indicating that more
porous structures are inherently less thermodynamically
stable.”® Finally, during the microwave synthesis of MIL-77 (a
cubic nickel glutarate MOF, previously prepared by Guillou
et al.**), Jhung and co-workers discovered a new tetragonal
phase.*® Alteration of the reaction conditions showed that the
cubic phase preferentially forms at low pH, low temperature
and especially under conventional heating whereas the tetrag-
onal phase is obtained favourably at high pH, high temperature
and particularly using microwave heating (Mars-5 CEM multi-
mode reactor, power input was varied at different stages of the
reaction).”® This result was unexpected as previous reports had
shown the denser tetragonal phase to be thermodynamically
favourable and the less dense cubic phase to be kinetically
favourable and so one would expect the cubic and tetragonal
phases to dominate in microwave and conventionally heated

—————— 2.0 pm

Fig. 6 EDX spectroscopy mapping of a homogenous (A and B) and “egg yolk" (C and D) mixed metal MIL-53(Cr/V) MOF synthesised by
conventional and microwave heating, respectively.**®* Reproduced from ref. 135 with permission from the Royal Society of Chemistry.
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reactions, respectively.>® The authors hypothesised the forma-
tion of the denser tetragonal phase under microwave heating to
be the result of changes in crystallisation rates for the two
phases.?®

4.3. “One pot” synthesis of MOF hybrids

In chemistry, a one-pot synthesis involves carrying out succes-
sive chemical reactions in one reactor. This strategy is often
employed to improve the efficiency of reactions as multiple
work-up steps are avoided. In MOF chemistry, one-pot synthesis
is often used to prepare MOF-hybrids or MOFs with additional
functionality as the porous structure can be further function-
alised by the secondary reaction. Examples of one-pot
microwave-assisted syntheses of MOF hybrids include; MOF-

View Article Online

Journal of Materials Chemistry A
silica®®**** and MOF-alumina™' composites; a photochromic
indium trimesate (trivial MOF name, JUC-120) hybrid film
produced by entrapping guest molecules within the frame-
work;*** a catalyst for alcoholysis of styrene oxide produced by
doping MIL-101(Cr) with phosphotungstic acid;"** and
a heterogeneous catalyst for microwave heated organic coupling
reactions comprising of IRMOF-3 doped with silver nano-
particles synthesised from the MOF precursor solution and
silver nitrate.”* In the latter example the sizes of silver nano-
particles were controlled by altering the reaction time.'** All of
these reports are summarised in Table 2.

Recently Depauw et al. used microwave heating to prepare
a mixed metal MIL-53 MOF via a one-pot reaction containing
a mixture of chromium and vanadium salts and H,BDC
linker."®® Under conventionally heated solvothermal conditions

Table 3 Summary of PSM of MOFs using microwave heating

Type of PSM Details Comment Ref.
Incorporation of catalytic MIL-101@Pd, MIL-101@Cu and Catalytic oxidation of CO 140
nanoparticles MIL-101@Pd/Cu (bimetallic
nanoparticles incorporated)
ScBTC@Pd Cross coupling reactions 141
MIL-101@Cu Catalytic reduction of nitro- 142
aromatics
Incorporation of catalytically active UiO-66@Pd Cross coupling reactions 143
nanoparticles MIL-101@Cu and MIL-101@Ni Augmented CO, storage 144
MIL-101@Fe,05 Catalytic oxidation of alcohols and 145
alkenes
Incorporation of graphene oxide ZIF-8 derived ZnO with Photo-catalytic degradation of 146
incorporated graphene oxide methylene blue
Linker functionality modification UiO-66-Br — UiO-66-CN 90% yield, route to otherwise 147
unobtainable linker functionality
De-protection of an amine 148
functionalised with tert-
butoxycarbonyl (Boc) group IRMOF-
74 (Mg)
MIL-101-NH, — MIL-101-peptide Up to tetra-amino acids grafting 149
MIL-68-NH, — MIL-68-peptide onto the linkers without
UiO-66-NH, — UiO-66-peptide racemization of the amino acids
MIL-53-NH, functionalised with an Catalytic synthesis of cyclic 150
alkyl halide carbonates
IRMOF-74-111 Multivariate in pore tri-peptide 151
functionality
De-protection of IRMOF-74-I1I-Boc Carbon capture 152
to give the primary amine
MOF-polymer monoliths MIL-101 Chromatography 153
MIL-101(Fe), MIL-101(Al), MIL- Solid phase extraction of penicillin 154
100(Cr), UiO-66, MIL-88B(Cr), MIL-
53(Al)
MIL-53 155
Cation exchange Ni-BTC — Ni/Cu-BTC Base for production of hybrid metal 156
oxides
UiO-66 — UiO-66(Zr/Ti) Photocatalysis 157
Ni-BTC to mixed metal Ni/Sn-BTC Base for production of hybrid metal 158
oxides
Synthetic precursor to hybrid metal MIL-100 — magnetic Fe,0;3/C Ionothermal synthesis with doped 159
oxide composite zinc chloride
MIL-53 — magnetic Fe,0;/C Ionothermal synthesis with doped 160
composite zinc chloride, for dye removal and
degradation
Prussian blue: Zn(COj) Precursor for a porous ZnO/ZnFe,0, 161

This journal is © The Royal Society of Chemistry 2018
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a homogenous framework was produced, however microwave
heating led to the formation of an “egg yolk” structure
comprising of a Cr/V core surrounded by a pure chromium MIL-
53 shell as determined by energy-dispersive X-ray (EDX) spec-
troscopy mapping shown in Fig. 6.%%°

4.4. Post-synthetic modification of MOFs

Microwave heating has also been used for the post-synthetic
modification (PSM) of MOFs, whereby a pre-formed MOF is
altered. PSM is a particularly important technique as it enables
further enhancement and fine-tuning of MOF properties for
a wide range of applications through inclusion of alternative
chemical species/functionalities.’*** Post synthetic modifica-
tion can be categorised into several types, including modifica-
tion of the linkers (without changing the structure of the MOF)
or metal nodes, incorporation of additional chemical species
(also called doping, often into the pores of the MOF), or
modification of the whole MOF structure. Examples of PSM
facilitated by microwave heating are now discussed and
a summary is presented in Table 3.

An example of PSM by doping was reported by El-Shall
et al.**® In their work a catalyst for the oxidation of CO gas
was prepared by doping MIL-101 with metallic and bimetallic
nanocrystals.™® During the PSM step, metal salts of palladium
and copper where allowed to diffuse into the pores of MIL-101
before addition of a hydrazine hydrate reducing agent.*** This
was followed by a 2 minute microwave reaction to yield the final
MOF@nanoparticle materials.*® Several examples of PSM
involving the MOF linker have been reported, in this case an
exposed pendant functional group on the linker undergoes
chemical reaction. For instance, Bonnefoy et al. successfully
grafted oligopeptides onto the linker of 3 MOFs using micro-
wave heating.’*® The authors highlighted the diversity of peptide
chemistry as a potential route to a large library of MOF-
oligopeptide materials with potential applications in sensing,
catalysis and separation.*® It is important to note that the
ability to produce MOFs with numerous different pendant
functional groups on the linker is particularly powerful as it is
conceivably possible to perform countless reactions to augment
MOFs using this method of PSM. A final notable example of
PSM by microwave heating involves preparation of MOF-poly-
mer monoliths reported by Lin et al.*>* The various MOFs (see
Table 3 ‘MOF-polymer monoliths’ for exact details) were sus-
pended in a monomer mixture, loaded into a column and then
polymerised by microwave heating to give the MOF-polymer
monoliths.”® The monoliths were tested for their ability to
extract and recover penicillin-type compounds in solid phase
extraction, with excellent results.*®

4.5. Summary

From the many examples discussed in Section 4 and summar-
ised in Tables 2 and 3, it is clear that microwave heating is an
effective method for the production of new MOFs and MOF
hybrids by phase-selective or one-pot synthesis or through PSM.
However, as identified in Section 3 of this paper, there is little
understanding of the mechanisms of microwave heating. In
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particular the effect of microwave energy on MOF crystallisation
is yet to be determined.

5. Towards industrial scale
microwave synthesis of MOFs

5.1. Background

The diverse and tuneable properties of MOFs offer immense
opportunities for economic and environmental impact; for
example in the field of ambient pressure CO, capture,'**'** an
industry which is estimated to be worth between $128 billion
and $221 billion by 2030.'** However, current state of the art in
industrial manufacture has restricted widespread adoption of
MOFs for commercial applications, as at scale they deliver poor
quality materials, whilst incurring high energy and capital
costs, meaning that many applications are not economically
viable. The production of MOFs at large scales is hindered by
a combination of chemical, environmental and engineering
challenges including; dependence on high temperatures and
pressures to give solvothermal synthesis conditions; use of large
quantities of toxic, corrosive and highly flammable chemicals;
production of acidic by-products, long times required for crystal
growth; cost and availability of large scale reaction rigs; and
energy requirements.” Additional challenges also exist in
materials handling, such as; heterogeneous reaction condi-
tions, mixing requirements, reactions that form precipitates;
and separation of products after synthesis.

In order to address these challenges, microwave reactions
under continuous flow conditions have recently been devel-
oped. This production route has several advantages; the
combination of rapid microwave heating and high surface area-
to-volume ratio for a reaction mixture in a flow reactor leads to
improvements in heat and mass transfer and thus significant
reduction in synthesis time; typically less solvent is required;
process intensification leads to less energy consumption and
safer implementation of harsh reaction conditions; improved
control over the synthesis parameters allows faster optimisation
of reactions to give reproducible MOF products of high quality;
and continuous flow reactors are more scalable and often
greener compared to batch systems.>?

This section focuses on recent research efforts involving the
production of MOFs beyond the laboratory scale using micro-
wave technology. Current microwave systems for MOF synthesis
on the gram to kilogram scale are presented and their advan-
tages and limitations are discussed. Additionally, the successful
development of industrial scale microwave reactors in other
sectors is described in order to highlight important consider-
ations and learnings transferrable to the development of an
industrial scale microwave process for the synthesis of MOFs.
Finally, the economic and environmental implications of
industrial scale microwave reactors are discussed.

5.2. Current efforts in scaling-up MOF synthesis using
microwave heating

The first continuous flow microwave reactor for the synthesis of
MOFs was reported in 2015.'°® The pioneering work by

n
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Table 4 Summary of parameters used in continuous flow microwave reactors for synthesis of MOFs

Microwave conditions

Name of continuous MOFs prepared

Power Production rate Space time yield

flow system using the reactor Reaction conditions Cavity type (W) (gh™) (kgm™>d1)?  Ref.
Segmented flow reactor MOF-74 (Ni) 2.5 bar, DMF* Teflon tube with 1/16 inch <3000 4.5 —° 166
inner diameter fed through
a WR340 waveguide
(single mode)
Plug flow reactor MIL-53(Al) 6 bar, DMF,” H,0 PTFE tube with 4.35 mm 200 7.1 3168° 168
Ui0-66 3 bar, DMF,” H,0, inner diameter fed through 200 14.4 7204°
acetic acid” the cavity of a CEM MARS
HKUST-1 6 bar, DMF* 5 multimode synthesizer. 360  79.4 64 800°
Reactor volume altered by
changing the number of coils
in the tube
Continuous tubular HKUST-1 Ethanol, 3% solids PTFE tube (1 mm internal ca. 80 Not given 80 000 169
microwave reactor HKUST-1 Ethanol, 15% solids diameter) fed through the 400 000

side vents of a of a domestic
microwave oven
(Logik L20MS10)

¢ DMF = N,N-dimethylformamide. ” Acetic acid was used as a modulator. ¢ Based on a 53 mL microwave heated zone and production rate in g h~*
(in the adjacent column). ¢ Number of hours equivalent to 1 day is variable, depending on the source, and not formally given. ¢ STY not stated, 80—

90 g L' h™! given instead.

Albuquerque et al. involved laboratory scale preparation of
MOF-74(Ni) using a gas liquid segmented flow reactor.’*® Gas
liquid segmented flow was used to improve mixing and to
prevent blockages in the reactor.**® The reactor comprises a 1/16
inch tube fed through two sections; a microwave heated zone
(see Table 4 for specific details) used for nucleation, and
a conventionally heated oil bath zone for crystal growth, as
shown in Fig. 7.'% Both sections were found to be necessary for
MOF production as broad peaks were observed in the PXRD
patterns of MOF-74(Ni) prepared without the oil bath zone.'*®
The authors reported high conversion of reagents (ca. 96.5%)
and space time yields (STY) of (~90gh 'L " or 720 kgm >d ",
where 1 day is equivalent to 8 hours),'® a significant improve-
ment on the conventional heated batch process (STY of
28.5 gL h 1.

Building upon their batch process involving simultaneous
heating of multiple discrete vessels containing MOF reaction in
a multimode microwave reactor (CEM MARS 5 synthesizer),**
Taddei et al investigated the continuous flow microwave
synthesis of three MOFs, namely UiO-66, HKUST-1 and MIL-
53.'® The reactor comprises a coiled PTFE tube fed through
a CEM MARS 5 synthesizer.’*® The volume of the microwave
section of the reactor was altered by changing the number of
coils in the tube.'® Downstream of the microwave heated
section, the tube is introduced into a custom-built pressurised
‘collector’ made of glass, as shown in Fig. 8.'® The collector
negates the need to flow slurries containing reactants and
products through the back pressure regulator, preventing
blockages in the reactor.'*® Specific reaction conditions (pres-
sures, solvent systems) and microwave parameters are given in
Table 4, above. STYs of 3618, 7204, 64 800 kg m > d~* for MIL-
53, UiO-66, and HKUST-1, respectively were achieved.'®®

This journal is © The Royal Society of Chemistry 2018

Using the same reactor (Fig. 8),'*® Taddei et al. investigated
the crystallisation of UiO-66 using high-resolution powder X-ray
diffraction by placing the outlet tube (coming out of the
microwave heated section) in the focus of the X-ray beam.'”®
This experimental set-up enabled in situ monitoring of the
reaction after microwave heating had taken place. The effect of
varying quantities of water and acetic acid modulator in the
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Fig. 7 Schematic diagram of the gas liquid segmented continuous
flow reactor for synthesis of MOF-74(Ni) developed by Albuquerque
et al**® Reproduced from ref. 166 with permission from the Royal
Society of Chemistry.
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reaction mixture on the yield and crystallite size of UiO-66 was
investigated over a range of residence times. No consideration
was given to the effect of absorbed microwave energy on the
reaction. A constant power of 280 W was applied in all experi-
ments, therefore the reaction mixtures were subjected to
varying amounts of microwave energy depending upon the flow
rate. Results showed the rate of product formation, yield and
crystallite size to be highly dependent on the water/acetic acid
ratio and age of metal salt stock solution.'”

Most recently, McKinstry et al. reported the continuous flow
microwave synthesis of HKUST-1 using a PTFE tube (1 mm
internal diameter) fed through the side vents of a domestic
microwave oven (Logik L20MS10, 800 W).** The authors high-
lighted that alterations to the microwave cavity casing were
avoided for safety reasons,'® however, it is extremely important
to note that microwave leakage may still occur even without
modification. As electromagnetic wave is attenuated by the
reaction mixture (i.e. the amplitude of the electric field dimin-
ishes owing to absorption of the field by the reaction mixture,
see Section 2 for further details) it is possible for the wave to be
small enough to pass along the tube and out of the microwave
cavity. Consideration and mitigation of microwave leakage is
discussed further in Section 5.3. Using their continuous flow
microwave system, McKinstry et al. investigated the effect of
varying concentration (reported as % of solids) and residence
times on the yield and surface area of HKUST-1 with a constant
power input of 80 W; a summary of these results is given in
Table 4.7 As the production rate was found to greatly affect the
surface area (a key indicator of MOF quality), the authors used
surface area production rates (SAPRs, the amount of surface
area of MOF produced per reactor volume and time, m* per m*
per day, where a day is equivalent to 24 hours)'*® to compare
between experiments and other reported methods of produc-
tion. A residence time of 6 minutes with 3% solids gave an STY
of 2700 kg m~® d " with an SAPR of 5.2 x 10° m* m~*d ™" (BET
surface area of 1930 m* g~ ). A residence time of 13 seconds and
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solids of 3 and 15% gave STYs of 80 000 and 400 000 kgm > d ",
respectively.'® However, in both cases a decrease in surface area
was observed; 1550 and 600 m* g~ * (corresponding to an SAPR of
240 000 x 10° m*> m® d™') for 3 and 15% reaction solids,
respectively.® Although an STY of 400 000 kg m ™3 d ™" is, to the
best of our knowledge, the highest value for any MOF produced
to-date via any synthesis method, a significant reduction in
surface area indicates production of poor quality MOF. The trade-
off between product quality and rapid, scalable bulk production
of MOFs is an important consideration for industrial
manufacture.

5.3. Development of industrial scale microwave reactors;
important factors to consider

Scaling-up microwave systems from the laboratory to industry
requires a multi-disciplinary approach and many factors must
be considered from a materials processing, microwave design
chemical, environmental and economic perspective. It is
beneficial to transfer key learning outputs from successful
development of industrial scale microwave reactors in other
processing sectors. An example of this is the microwave treat-
ment of ores for the mining industry, work which has led to the
largest mass throughput microwave processing systems ever
developed. In their work, Buttress et al.*”* and Batchelor et al.'”>
demonstrated the necessity for understanding the fundamental
parameters required for designing microwave systems capable
of a stable and reliable treatment that also meets with occupa-
tional health and safety (OHS) and electromagnetic compati-
bility (EMC) regulations. These parameters (discussed in this
paper in Section 2) include (i) dielectric properties, defining the
efficiency of power coupling and distribution of the electric field
within the heating cavity; (ii) penetration depth and relation-
ship with reactor design and specification; (iii) power density in
the heated phase, which is a direct function of the dielectric
loss, the applied frequency and the electric field strength. All of

This journal is © The Royal Society of Chemistry 2018
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these variables underpinned the design of microwave cavities
capable of delivering the power density distribution (energy per
unit volume over the treatment time) needed to produce the
required material effect, consistently at high quality and with
maximum treatment efficiency. Buttress et al. also noted the
importance of using single mode cavities as the interaction
between the applied microwave energy and the material is very
difficult to characterise in multi-mode systems owing to the
complexity of the electric field pattern.'* Integration of the
microwave cavity with a materials handling system based on
flow requirements (e.g. mixing), and chemical compatibility was
also essential. For continuous flow reactors, the design of
choking structures to confine the electric field within the
microwave system is paramount in order to achieve compliance
with safety standards. All of these factors support the successful
integration of microwave energy with chemical reactor systems
capable of delivering the economic large-scale manufacturing
processes at the correct cost and minimal environmental
impact.

Current state of the art in industrial manufacture of MOFs
has restricted widespread adoption of MOFs for commercial
applications, as at scale they deliver poor quality materials,
whilst incurring high energy and capital costs, meaning that
many applications are not economically viable. Microwave
technology can address these challenges through rapid and
selective heating, which can increase production rates by orders
of magnitude, give controllable product quality and at a reduced
energy and potentially capital cost. Furthermore, the cost of
MOF production varies considerably depending on the type of
MOF, reagents, synthesis temperature, energy and recyclability
of reagents; to ensure that the MOFs and reactors being devel-
oped are sustainable on a life cycle basis, it is necessary to
evaluate their environmental and economic implications from
an early stage of development using life cycle assessment (LCA)
and techno-economic analysis (TEA). At present, life cycle,
environmental and commercial data in the literature are scarce
for conventionally heated well-established MOFs and are non-
existent for MOFs synthesised using microwave heating and
so further work in this area is much needed. In order for the
breakthroughs in research to occur it is our view that there is
a requirement to integrate expertise in microwave technology,
process engineering design, techno-economic and environ-
mental analyses, and MOF chemistry to deliver a fundamental
understanding of the interactions between microwave energy
and commercially and scientifically important MOF systems.
This knowledge could then be used to deliver the highest
quality scientific and engineering breakthroughs to underpin
the development of novel scalable and sustainable chemical
reactor manufacturing technologies based upon integration of
advanced electromagnetic design and process intensification
techniques. For successful delivery, this work requires innova-
tion at the boundaries of process assessment and engineering,
microwave and materials interaction, process design and
materials chemistry. If it can be delivered, we propose that it
will commercially unlock the use of MOFs for a number of high
impact energy and environmental applications.

This journal is © The Royal Society of Chemistry 2018
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6. Conclusions

MOFs are an incredibly large and diverse class of materials. The
potentially high commercial value of MOFs arises from their
high porosity and tuneable pore environment which gives them
an extremely high capacity and high selectivity for gas and
hydrocarbon applications. Their proposed applications address
challenges in energy, environmental sustainability and inno-
vative healthcare. However, challenges in scaling-up MOF
production and their high product and environmental cost
compared to traditional sorbents has restricted widespread
adoption in industry. Therefore, the development of technolo-
gies that reduce the cost of manufacture in an efficient and
sustainable way is a key enabling step in the transfer of MOF
research from the laboratory to industry.

Microwave (MW) technology shows great promise for scale
up of MOF synthesis as it offers benefits over other methods
including significantly reduced reaction times (from hours to
seconds), high space time yields, and improved energy effi-
ciency. However the most noteworthy advantage of microwave
heating is the high level of control over MOF properties such as
morphology, particle size and phase; achieved by altering the
applied power and treatment time. Further control is realised by
altering the reaction chemistry through addition of modulators
and/or co-reactants and by varying the solvent. Additionally,
microwave heating has been shown to facilitate MOF discovery
and has the ability to produce new MOFs and MOF-hybrids that
are otherwise difficult to prepare or inaccessible by other
synthetic approaches. These advantages demonstrate the
applicability and value of microwave heating both at laboratory
and industrial scales, through acceleration of MOF design and
discovery and as a route to large scale production. However,
research in the field of microwave synthesis of MOFs is domi-
nated by the use of commercially available multi-mode micro-
wave systems and a lack of understanding of the interactions of
reactants and MOFs with the electric field, and crucially, how
this informs the design of the scale up processes. MOFs are
potential “step-change” materials, but failure to determine this
fundamental knowledge thus far explains the general failure in
scale-up from the laboratory and to the non-realization of the
potential benefits offered.
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