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PRODUCTION OF METAL-ORGANIC FRAMEWORKS 

TECHNICAL FIELD 

[001] The present invention generally relates to an apparatus, process and 

system for the production of metal-organic frameworks. The invention is 

particularly applicable for production of metal-organic frameworks (MOFs) and it 

will be convenient to hereinafter disclose the invention in relation to those 

exemplary applications. 

BACKGROUND OF THE INVENTION 
[002] The following discussion of the background to the invention is intended to 

facilitate an understanding of the invention. However, it should be appreciated 

that the discussion is not an acknowledgement or admission that any of the 

material referred to was published, known or part of the common general 

knowledge as at the priority date of the application. 

[003] Metal-Organic Frameworks (MOFs) are a class of promising porous 

materials having tuneable functionality, large pore sizes and the highest known 

surface areas. These characteristics are of high interest for a myriad of 

industrial applications such as gas storage, gas separation, drug delivery and 

catalysis. However, to date the cost of these materials has remained 

prohibitively high, thereby restricting the ability of these materials to make a 

significant impact on prospective markets or technologies. Very few MOFs 

described in academic literature are commercially available, with that availability 

limited to small quantities (grams). 

[004] An important requirement for accessing the potential applications of 

MOFs is the ability to routinely synthesise MOF materials in large quantities (kg 

scale or higher) at an economic price point. Such a process needs to be a 

versatile, efficient and scalable synthesis that is able to produce MOFs in large 

quantities in order to introduce these materials to real world applications. 

[005] However, traditional laboratory routes such as the classical solvothermal 

synthesis are difficult to scale up due to the extended reaction times (-24 

hours) and low quality material yield. Furthermore, a wide variety of available 
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synthetic synthesis methods have a singular nature providing an inherent 

inflexibility for any prospective production process. 

[006] One of the barriers to scaled-up MOF synthesis is that commonly MOFs 

nucleate at a reaction surface, meaning that the size of the reaction vessel 

becomes a significant parameter in the synthesis conditions. Consequently, 

reactions that proceed in small lab scale conditions are not always successful 

when scaled up into larger vessels, limiting scaled up MOF chemistry to a small 

number of MOFs that are robust in their preparation, each requiring bespoke 

equipment. Therefore a method to conveniently expand the scale of production, 

keep sufficient residence times, while minimising vessel geometry is extremely 

attractive to applied MOF chemistry, offering a versatile route to production. 

[007] Continuous flow chemistry is renowned as a paradigm shifting approach 

to chemical synthesis. The improved heat and mass transfer available often 

leads to improved reaction yields, reduced reaction times, faster reaction 

syntheses, new synthetic pathways, and broader green chemistry implications. 

[008] Recent studies have reported that it is possible for MOFs to be produced 

by continuous processes. Gimeno-Fabra M. et al. Instant MOFs: continuous 

synthesis of metal-organic frameworks by rapid solvent mixing. Chem. 

Commun. 48, 10642-10644 (2012) showed that use of a bespoke tube-in-tube, 

counter-current mixing reactor at the high temperature of 300 °C can lead to 

MOFs. It was also shown that small amounts of MOFs, within oil droplets, can 

be made in microfluidic reactors (see Faustini M. et al. Microfluidic Approach 

toward Continuous and Ultra-Fast Syn-thesis of Metal-Organic Framework 

Crystals and Hetero-Structures in Confined Microdroplets. J. Am. Chem. 

Soc.135, 14619-14626 (2013) and Paseta L. et al. Accelerating the controlled 

synthesis of MOFs by a microfluidic approach: a nanoliter continuous 

reactor. ACS Appl. Mater. Interfaces 5, 9405-9410 (2013)). In 2013 Kim K.-J. et 

al. (High-rate synthesis of Cu-BTC metal-organic frameworks. Chem. 

Commun. 49, 11518-11520 (2013)) reported a proof of concept mesoscale flow 

production of HKUST-1 using a continous flow reactor comprising a 30 cm long 

and 1.59 mm I.D. stainless steel pipe. It is noted that the MOFs produced had 

moderate surface area at low scale. All of these early reports are promising 
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steps towards production of MOFs at scale. However, in order for this to be 

viable, pure MOFs must be readily attainable without a loss in product quality. 

[009] Given the wide array of MOFs known, and the likelihood of a large range 

of applications each requiring different MOFs in the future, a versatile 

production technique is crucial. It would therefore be desirable to provide a new 

and/or improved method and apparatus for producing MOFs. 

SUMMARY OF THE INVENTION 

[010] The present invention provides a new and/or improved apparatus, 

system and process for producing a metal organic framework. 

[011] A first aspect of the present invention provides an apparatus for 

producing metal organic frameworks, comprising: 

a tubular flow reactor comprising a tubular body into which, in use, 

precursor compounds which form the metal organic framework are fed and flow, 

said tubular body including at least one annular loop. 

[012] A second aspect of the present invention provides use of a tubular flow 

reactor for producing metal organic frameworks, wherein the tubular flow 

reactor comprises a tubular body including at least one annular loop, and in use 

precursor compounds for forming the metal organic framework are fed and flow 

through the tubular body. 

[013] The present invention provides a continuous flow chemistry process, 

system and apparatus for the production of MOFs which is applicable to a large 

number of MOFs with different reaction conditions. Continuous flow production 

of MOF materials allows MOFs to be continuously produced for extended 

periods of time. Furthermore, a continuous flow approach can provide a 

reaction rate that is higher, typically significantly higher than any previously 

reported values, and is capable of producing at higher space time yields than 

other commercial manufacturing processes. The process of the present 

invention is further scalable without a losses in yield or surface area of the 

material with concomitant control over particle size. The apparatus and process 
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of the present invention therefore demonstrate production quantities 

approaching those required for broad application. 

[014] It should be understood that flow reactors may also be referred to herein 

as continuous flow reactors. Furthermore, it should be appreciated that the 

features discussed below in connection with the first aspect of the present 

invention (a tubular flow reactor) equally apply to the second aspect of the 

present invention (use of a tubular flow reactor). 

[015] The advantage of the present process and apparatus over prior 

processes is in at least part a result of the configuration of the tubular flow 

reactor. The tubular flow reactor of the present invention comprises at least one 

annular loop, and preferably a plurality of annular loops. In exemplary 

embodiments, the tubular flow reactor comprises a coil or coiled reactor. A coil 

reactor advantageously allows precise and homogeneous control of the 

temperature and mixing of the reagents, reducing the reaction time, achieving 

highest material quality, highest yields and control over the particle size. The 

coil tubular body of the tubular flow reactor of the present invention therefore 

enables more homogeneous heating and better mixing and as consequence 

higher quality materials and less reaction time in comparison to prior published 

studies of MOFs produced by continuous processes. Other reactors may be 

employed to suit the design of ancillary equipment or varied process conditions. 

For example where prolonged contact with the energy transfer device is less 

critical a tube-in-shell reactor arrangement may be employed to give higher 

throughput. However an annular loop configuration is preferred as it allows 

efficient energy transfer to the reaction mixture using a very simple design that 

has a low cost to manufacture. 

[016] The at least one conduit of the tubular reactor of the present invention 

includes a device, element or arrangement which supplies energy to the 

reaction mixture. This energy can be, but is not limited to heat, electromagnetic 

energy, sonic energy. The tubular reactor itself is preferably designed such that 

the transfer of energy to the reaction mixture is as efficient as possible and may 
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[025] The preferred pressure in the reactor is between 0 and 30 bar, preferably 

between 5 and 10 bars. However, it should be appreciated that pressure is a 

function of temperature of the fluid and therefore may vary accordingly. 

[026] It should be appreciated that the tubular flow reactor of the present 

invention can include any number of additional features including (but not 

limited to) in-line monitoring of reaction conditions, optical, thermal, pH probes, 

conductivity probes/ sensors, particle size distribution (PSD), UV, IR, Laser 

Induced Breakdown Spectroscopy (LIBS) and the like. 

[027] A third aspect of the present invention provides a process for producing 

metal organic frameworks which comprises: 

introducing into an apparatus according to the first aspect of the present 

invention a solution comprising precursor compounds for forming the metal 

organic framework in solvent; and 

promoting a reaction within the tubular flow reactor to form the metal 

organic framework. 

[028] It should be appreciated that in embodiments, the apparatus can 

continuously run to produce at least 1 kg/ hr, preferably 2 kg/hr. However, it 

should be appreciated that the production rate will vary for each different MOF 

because each MOF has different molecular weight and different reactant and 

product concentrations. Furthermore, the yield of MOF from the apparatus is 

preferably greater than 60%, more preferably greater than 80%, and in some 

embodiments greater than 95%. For example, for in embodiments, the 

maximum yield is 100% (for the Aluminium Fumarate) using in both cases the 

maximum concentration of precursors based on their solubility. 

[029] The precursor compounds can be introduced into the apparatus in a 

variety of different regimes. In some embodiments, the precursor compounds 

are provided in at least two different precursor solutions containing different 

precursor compounds, the precursor solution being mixed prior to introduction 

into the tubular body. In these embodiments, the precursor solutions are 

preferably mixed within a mixing vessel prior to introduction into the tubular 
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body. It should be appreciated that precursors can either be dissolved in the 

solution or be provided as an undissolved component/ soild for example a 

dispersion. 

[030] In other embodiments, the precursor solutions are mixed through inline 

mixing in a feed conduit fluidly connected to an inlet of the tubular body. A 

number of inline mixing arrangements can be used. For example, inline mixing 

can comprises one or more mixing joints, preferably T- Y- or cross junctions, 

annular feed systems or a plethora of channels between feed flows of the two or 

more precursor solutions, such that mixing of the components occurs in an 

optimal manner. In some embodiments, the mixing arrangement comprises an 

mixing element which is insertable into one or more of the conduits. In some 

embodiments, the precursor solutions are mixed using static mixers. Static 

mixer may be easier to use for reaction tubes of larger internal diameter. A 

static mixer or mixer present in a conduit may not be heated directly, but rather 

receive heat, via conduction (i.e. in direct contact with the conduit) or via 

convection. The static mixers can be incorporated into the tube before entry into 

the reactor, or in the tube which is in the heated zone, or both. As such, the 

static mixer section can be heated in any of these placements. Heating to the 

static mixer would be via conduction (if the static mixer is in direct/intimate 

contact with the internal wall of the tube, or via convection. Different 

shapes/geometries of static mixers are possible and would be a function of the 

degree of mixing/flow patterns required, and possibly to facilitate/ tune the 

balance between nucleation vs particle growth. 

[031] In yet other embodiments, the precursor compounds are provided in at 

least two different precursor solutions containing different precursor 

compounds, the precursor solutions being mixed after introduction into the 

tubular body. It should be appreciated that the different precursor solutions can 

be fed into the same inlet or separate inlets. However, where the different 

precursor solutions are fed into the same inlet, it is preferable that the two or 

more precursor solutions are mixed at or proximate that inlet. 
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standing wave pattern formed by the superimposition of a reflected sound wave 

within the separator shown in (a). 

[076] Figure 8 provides three photographs of solution being treated in a 

separator shown in Figure 7 at specific times (1 minute, 4 minutes and 10 

minutes) during a separation process according to one embodiment of the 

present invention. 

[077] Figure 9 provides a photographic comparison and a comparison plot of 

the backscattering and transmission data of the supernatant collected from the 

first separation of the MOF solution using centrifuge and ultrasonic/ megasonic 

separator for (A) Al-Fumarate supernatant; and (B) MIL-53 (Al) supernatant. 

DETAILED DESCRIPTION 

[078] The present invention provides a new continuous flow chemistry 

apparatus, system and process for producing a large number of metal organic 

frameworks even when requiring a number of different reaction conditions. 

[079] The apparatus of the present invention comprises a tubular flow reactor 

comprising a tubular body into which, in use, precursor compounds which form 

the metal organic framework are fed and flow, said tubular body including at 

least one annular loop. In exemplary embodiments, the tubular body comprises 

a coil. The tubular flow reactor therefore comprises a coiled or coil tubular flow 

reactor. 

[080] The Inventors have found that the use of a coiled reactor enables more 

homogeneous heating and better mixing and as consequence higher quality 

materials and less reaction time in comparison to prior published studies of 

MOFs produced by continuous processes. It is also thought that coiling may 

assist in some embodiments in preventing clogging of the tubular reactor 

allowing for "continuous" use resulting in large scale production. The present 

invention therefore provides a fast, cost-effective environmentally friendly 

strategy to produce high-quality MOF materials at a large scale. 
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[081] Advantageously, the process is capable for being scaled (more than 30-

fold) without a loss in yield or surface area in the material with a control over 

particle size. The present invention can therefore permit large-scale production 

of MOFs at drastically reduced costs, allowing commercialisation of these 

MOFs for many potential real world applications. The present invention provides 

a fast, cost-effective environmentally friendly strategy to produce high-quality 

MOF materials at a large scale. 

[082] The flow reactor can have a large number of different process flow 

configurations: 

[083] Figure 1A illustrates a first example flow diagram of a first continuous 

process 100 for producing MOF. In this process, a single feedstock tank 101 is 

used to feed a continuous flow reactor 105. The continuous flow reactor 105 

comprises a coil reactor comprising a plurality of annular loops or turns 

centered about a centreline. Feedstock tank 101 includes a solution of MOF 

precursor compounds mixed together in solvent. This solution is then pumped 

103 into the continuous flow reactor 105 to which heat is applied to induce 

reaction between the MOF precursor compounds. The produced MOF is 

collected in the product tank 106. 

[084] Figure 1B illustrates a second example flow diagram of a second 

continuous process 200 for producing MOF. In this process, a first feedstock 

tank 201 includes a solution of a first precursor compound(s) in solvent. A 

second feedstock tank 202, includes a second precursor compound(s) in 

solvent. The solutions from each of the first and second feedstock tanks 201 

and 202 are then pumped 203 to a T-piece mixer 204 (which in other 

embodiments could be Y- or cross junction mixer) where their flows are 

combined and passed through to continuous flow reactor 205. The continuous 

flow reactor 205 comprises a coil reactor comprising a plurality of annular loops 

or turns centered about a centreline. Heat is then applied to the reactor 205 to 

which heat is applied to induce reaction between the MOF precursor 

compounds. The produced MOF is collected in the product tank 206. 
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[085] Figure 2A illustrates a third example flow diagram of a third continuous 

process 300 for producing MOF. The flow diagram is similar to the flow diagram 

shown in Figure 1B with the exception that the flow reactor 305 comprises two 

series connected coil reactors. Each continuous flow reactor 305 comprises a 

coil reactor comprising a plurality of annular loops or turns centered about a 

centreline. In this process, a first feedstock tank 301 includes a solution of a first 

precursor compound(s) in solvent. A second feedstock tank 302 includes a 

second precursor compound(s) in solvent. The solutions from each feedstock 

tanks 301 and 302 are then pumped 303 to the T-piece / mixer 304 where their 

flows are combined and passed through to continuous flow reactor 305. Heat is 

then applied to the reactor 305 to which heat is applied to induce reaction 

between the MOF precursor compounds. Reactor 305 comprises two coiled 

reactors fluidly liked in series. This arrangement increases the reactive length of 

the overall flow reactor 305. It should be appreciated that any number of coiled 

tubular reactors could be connected in series. The produced MOF is collected in 

the product tank 306. 

[086] In each of the systems shown in Figures 1A, 1B and 2A, the reaction 

solution is transferred via a flow line and introduced into the flow reactor 105, 

205, 305. Introducing the reaction solution into the flow reactor 105, 205, 305 

can be facilitated by any suitable means, but this will generally be by action of a 

pump 103, 203, 303. Those skilled in the art will be able to select a suitable 

pump 103, 203, 303 for the purpose of transferring the reaction solution from 

the vessel 101, 201, 202, 301, 302 along the flow line and introducing it to the 

flow reactor 105, 205, 305. The flow line is of a tubular type herein described 

and in effect forms the flow reactor 105, 205, 305 by being shaped into a coil 

configuration. The distinction between the flow line and the flow reactor 105, 

205, 305 is that the flow reactor 105, 205, 305 is a designated section of the 

flow line where formation of the MOF from the precursor solutions is to be 

promoted. Promoting the formation of the MOF is shown by way of application 

of appropriate heat to the flow reactor 105, 205, 305. The coiled section of the 

flow line is then readily demarcated as the flow reactor 105, 205, 305. 

[087] It will be appreciated that the illustrated process can be operated 

continuously by ensuring that vessel 101, 201, 202, 301, 302 is maintained with 
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and outlet 412 of the elongate coil are on opposite ends of the housing 410. 

Due to these similarities, the same reference numerals have been used for this 

embodiment, and the above description in relation to the embodiment illustrated 

in Figure 2B equally applies to thie embodiment shown in Figure 2C. 

[090] The apparatus, process and system of the present invention can further 

include a ultrasonic/ megasonic separation apparatus that can separate a 

metal-organic framework (MOF) content from a solution. This separation 

apparatus has been found to purify the MOF, removing contaminants from the 

pores of the MOF and also improve the surface area of the treated MOF, 

producing a purified MOF having a higher surface area than comparable 

commercially available samples. 

[091] The Inventors have found that the use of ultrasonic and megasonic 

frequencies not only separates MOF material/particles from other components 

in a mother solution, but also purifies the separated MOF material. MOF 

material is extremely porous and therefore contaminant species in a solution 

can be trapped or otherwise located in these pores. This separation apparatus 

has been found to substantially remove contaminants from the pores of MOF 

material treated with this separationmethod and apparatus. This produces a 

desirable substantially pure MOF material which is highly saleable. The use of 

ultasonic and megasonic frequencies has also been found to improve the 

surface area of the final product, acting as an alternate process to the time 

consuming and costly calcinations traditionally used for surface area 

improvement. The process can therefore assist in maintaining MOF product 

quality i.e. porosity, thermal and chemical stability. 

[092] Ultrasonic and/or megasonic separation according to the present 

invention applies > 20 kHz, in some cases >400 kHz, preferably between 20 to 

4 MHz, preferably 500 kHz to 2 MHz, more preferably between 800 kHz and 2 

MHz, and yet more preferably between 1 MHz and 2 MHz high frequency 

ultrasound to create a standing wave, i.e. regions of minimal pressure (nodes) 

and maximal pressure (antinodes) within a liquid filled separation chamber. 

Whilst not wishing to be limited to any one theory, the Inventor's consider that 
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when using this method, suspended particles or droplets migrate specifically 

towards one of these two regions due to acoustic radiation forces, based on 

their density and compressibility. In general, the aggregated MOFs are slightly 

denser than the surrounding fluid, and migrate towards the pressure nodes. 

This gathering of MOF material enhances the tendency to form larger 

aggregates which then sediment at a greatly accelerated rate to the bottom of 

the separation chamber, where they can be collected. 

[093] Ultrasonic and/or megasonic operation also has the ability to achieve 

specificity of separation based on particle size by tuning of the operation 

parameters such as frequency and energy density. 

[094] Ultrasonics and/or megasonic operation involves no moving parts, and 

can have a low surface area of contact with the fluid providing a lower capacity 

for fouling, and ease of cleaning. A separator according to the present invention 

essentially comprises a housing or container in which a liquid reservoir can be 

formed. The liquid reservoir is filled with the MOF containing solution produced 

by the tubular flow reactor of the present invention. A high frequency 

transducer, such as a plate transducer is either submerged in the liquid filled 

reservoir or engaged with a wall of reservoir to project ultrasonic and/or 

megasonic frequencies through the MOF containing solution for a certain length 

of time to effects the desired separation of MOF from solution and/or separation 

of contaminants from the MOF into the solution. 

[095] The Applicant considers that the size, material and/or geometry of the 

separation vessel or housing (which may, in some cases be housed within the 

tubular reactor) may have an effect on the outcome (degree, efficiency or the 

like) of theseparation process of MOF. Similarly, the positioning, arrangement 

and alignment of transducers within a separation apparatus may have an effect 

on the outcome (degree, efficiency or the like) of separation process of MOF. 

[096] The Applicant notes that ultrasonics and megasonics are a well know 

separation technique for particles, particularly in the biotechnology and food 

processing areas. Previous applications of ultrasonics and megasonic 
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involved liquid/liquid and solid /liquid separation especially in food processing 

(milk fat separation and palm oil separation). However, the Inventors are not 

aware of any previous published work using ultrasound, in particular 

megasonics, for the combined separation, washing, and/or activation of any 

porous material. 

[097] The inventors believe that the ultrasonic and megasonic ranges of the 

present invention provide at least one of surface area improvement, separation 

and/or washing properties for MOF containing solutions. The difference 

between ultrasonic and megasonics lies in the frequency that is used to 

generate the acoustic waves. Ultrasonic uses lower frequencies (20 to 400 kHz) 

and produces random cavitations. Megasonic uses higher frequencies 

frequency (>0.4 MHz to several MHz) and produces controlled and smaller 

cavitations which allows the separation of nanocrystals (in our case, the MOFs). 

Furthermore, higher megasonic frequencies do not cause the violent cavitation 

effects found with ultrasonic frequencies. This significantly reduces or 

eliminates cavitation erosion and the likelihood of surface damage to the 

product being cleaned. 

EXAMPLES 
[098] The production of five studied MOF, copper trimesate (HKUST-1), 

zirconium terephthalate (UiO-66), scandium biphenyl-tetracarboxylate (NOTT-

400), aluminium fumarate (Al-fum) and aluminium terephthalate (MIL-53) using 

process, system and apparatus according the present invention, will now be 

exemplified by example. However, it should be appreciated that the present 

invention is suitable for use with a large number of MOFs and should therefore 

not be limited to the exemplified MOF structures in these example. The 

examples provided can therefore be more generally applied to a wide range of 

MOFs. 

EXAMPLE 1 - Synthesis of HKUST-1, UiO-66 and NOTT-400. 

[099] To demonstrate the effectiveness and the versatility of this approach, 

three different families of MOFs have been synthesized: copper trimesate 

(HKUST-1), zirconium terephthalate (UiO-66) and scandium biphenyl-
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tetracarboxylate (NOTT-400). These three MOFs are thermally and chemically 

stable crystals which represent some of the most interesting materials for 

potential applications in gas storage and catalysis. 

[100] A schematic of the overall experimental apparatus is shown in Figure 2A. 

The apparatus 300 and production method uses a commercially available flow 

chemistry synthesis platform (Vapourtec® R2+/R4 see below) to simultaneous 

pump separate precursor solutions of the organic ligand 301 and the metallic 

salt 302 into a T-micro mixer 304 via HPLC pumps 303. The mixed solvent 

streams were combined and directed into reactor 305 which comprised coiled 

flow reactors consisting of one to four (in this case one) 1.0 mm ID 

perfluoroalkoxy polymer (PFA) coil modules connected in series. 

[101] Experiments were performed using a commercially available continuous 

flow reactor Vapourtec R2+/R4 (www.vapourtec.co.uk) consisting of two PFA 

polymer tubular reactors used in a typical mesoscale synthesis of MOFs. The 

system comprises the pumping and reagent selection module (top stage) and 

the four channel air-circulated heating reactor coils (lower stage). In a typical 

synthesis of metal-organic frameworks, separate solutions of the precursors are 

directed into the reactor by HPLC pumps 303 through a T-type static mixer 304 

to promote complete mixing of the separate reagent streams. The combined 

mixed reactants are then directed into the heated reactor zone of the Vapourtec 

R4 unit which comprises coiled tubular reactors 305 fabricated from 

perfluoroalkoxy polymer (PFA) tubing (internal diameter of 1 mm and a volume 

of 10 mL for each tubular reactor 305). Where required, the reactor volume can 

be readily increased by connecting the coiled reactor tubes in series (up to four 

coils for a single Vapourtec R4 unit). On exiting the reactor zone, the stream is 

passed through a back-pressure regulator 307 (Upchurch) (100 psi) to maintain 

constant the pressure of the flow stream. The exiting product stream was then 

collected into a volumetric flask 306 (100 mL) whereupon it was cooled to room 

temperature. 
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[109] The hourly rate of MOF production of the synthesis was calculated to 

evaluate the impact of the continous flow approach on larger scale production. 

The results are provided in Table 1, which provides the results of the present 

invention compared to other candidates for larger scale production of MOFs and 

commercially produced HKUST-1 sourced from the listed literature sources. 
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[110] Table 1 - Comparisons of the reaction time between MOFs synthesized 

by convectional batch and by flow chemistry. BET surface areas, grams of MOF 

produced per 1 hour using flow chemistry and space time yield (STY). 

MOF Reaction 

time 

SABET (mV) g.h"1 STY (kg m^d"1)' 

HKUST-13 1 min 1852 1.48 592 

HKUST-1b 5 min 1673 2.04 n/a 

Basolite C300b 150 min 1820 n/a 225 

UiO-66a 10 min 1186 1.68 672 

UiO-66d 24 h 1147 n/a n/a 

NOTT-4003 15 min 1078 2.78 741 

NOTT-4OO0 72 h 1350 n/a n/a 
a - Vapourtec Flow chemistry reactor (Mesoscale). 
b - Data from ref. Faustini, M. et al.Microfluidic Approach toward Continuous and Ultra-Fast Synthesis of Metal-Organic Framework 
Crystals and Hetero-Structures in Confined Microdroplets. J. Am. Chem. Soc. 135,14619-14626 (2013). 
C- Data from ref. Mueller, U. et al.Metal-organic frameworks—prospective industrial applications. J. Mater. Chem. 16, 626-636 
(2006). 
d- Data from ref. Cavka, J. H. et al. A New Zirconium Inorganic Building Brick Forming Metal Organic Frameworks with Exceptional 
Stability. J. Am. Chem. Soc. 130,13850-13851 (2008). 
e - Data from ref. Ibarra, I. A. et al. Highly porous and robust scandium-based metal-organic frameworks for hydrogen storage. 
Chem. Commun. 47, 8304 (2011). 
f -Space-time yields given in this table based on the volume of the reaction mixture in 8 hours. 

[111] The reaction rate values obtained by a flow chemistry approach of the 

present invention are many multiples higher than any other values reported in 

the literature. This fact underlines the great potential of continuous flow 

processing for industrial production of MOF materials, especially bearing in 

mind that the setup allows to continuously produce material for extended 

periods of time without observable blocking of the reactor coil or back-pressure 

regulator. 

[112] The overall quality of the produced HKUST-1, UiO-66 and NOTT-400 

crystals was confirmed using X-Ray powder diffraction (XRPD). The diffraction 

patterns shown in Figure 3 confirm that the purity of the crystals obtained by 

flow chemistry is identical to the crystals synthesized by conventional 

solvothermal methods. The thermogravimetric analysis (TGA) curves show a 

continuous weight loss over the temperatures ranges 50 to 100 °C due to the 

solvent loss, with small differences due to the type of solvent used in the 

purification processes. The size and morphology of the crystals were 
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corroborated by scanning electron microscopy (SEM), as shown in Figure 3 and 

6. 

The typical octahedral HKUST-1 crystals are obtained using different residence 

times and temperatures, where lower flow rates yielded more ideal crystal 

shapes (see Figure 4). For UiO-66, small crystals under 100 nm are obtained, 

while for NOTT-400 rectangular crystals below 10 mm are obtained. These 

crystal sizes, as with other faster synthetic methodologies like microwaves, are 

smaller than the crystals obtained under standard solvothermal conditions. This 

effect is attributed to the rapid crystallization kinetics induced by the flow 

chemistry approach. Standard N2 and H2 adsorption measurements proved the 

porous character of the MOFs and yielded BET (Brunauer, Emmett and Teller) 

surface areas that are similar to values obtained by conventional methods, 

some mesporosity was witnessed in UiO-66 due to inter-particle packing 

between the nano-sized crystallites. 

[113] The continuous flow chemistry set-up employed in the present case is 

amenable to precise control over reaction parameters. Taking advantage of this, 

a detailed investigation of different reaction conditions was undertaken to 

elucidate to what point facile and commercially attractive conditions (i.e. low 

temperatures, high concentrations, short residence times) could be employed 

prior to a loss of production quality, which in Figure 4 is defined as the result of 

yield multiplied by surface area, normalised to a value between zero and one. 

Control of particle size is also attractive for tailoring MOF production to a 

specific application, without the need for bespoke equipment. For example, use 

in mixed matrix membranes requires nanoparticulate materials, whereas bulk 

applications such as gas storage are better suited to macroscale particles that 

are not flocculent. 

[114] The results indicate (Figures 4, 5 and 6) that reaction temperature is the 

key factor affecting product quality, with both yield and surface area correlated 

in this case. Higher copper concentrations moderate the yield, but surface areas 

were largely unaffected. Encouragingly, reducing residence time appeared to 

improve surface areas without diminishing yields. In this case, the increase in 

surface area could be accounted for by a corresponding decrease in particle 
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size (Figure 4, top). This type of control over particle size distribution from 100 

nm to 100 |jm is of paramount importance for many applications, such as 

adsorption and catalysis. 

[115] The continuous reaction apparatus of the present invention therefore led 

to the rapid production of three separate MOFs, namely HKUST-1, UiO-66 and 

NOTT-400. This can be achieved without loss in product quality, with process 

optimisation leading to unprecedented production efficiency as measured by 

space-time yields, and control over particle size without a loss of surface area 

or yield. 

EXAMPLE 4 - MOF Synthesis and Megasonic Separation 

[116] Aluminium fumarate (Al-fum) and aluminium terephthalate (MIL-53) were 

synthesized using flow chemistry technology following the methodology outlined 

in Example 1. 

[117] A schematic representation showing the general flow reactor setup used 

in this example is shown and described above in relation to Figure 2A. The 

reactor 405 used in this setup is shown in Figure 2B, and has been described in 

detail above. 

[118] Here after mixing in T-mixer 304, the organic ligand and metal ions in 

solution with a solvent, preferably water and/or mixture of water and ethanol, at 

temperature from about 25 °C to about 130 °C (depending of the MOF 

synthesis) are then directed into a heated tubular flow reactor 305 (Figure 2A) 

and 405 (Figure 2B). The specific coil flow reactor 405 (Figure 2B) used in this 

application had a 108 mL capacity with 6.0 mm ID stainless steel tube with a 

total flow rate of 90 mL min"1. A MOF stream is obtained from the flow reactor 

405/305 and is cooled to room temperature using a water bath heat exchanger. 

[119] It is noted that higher ligand concentration increase yields, however, 

increase also the risk of blockage in the flow reactor 405/305. 

[120] A MOF stream is obtained and is cooled to room temperature using a 

water bath heat exchanger (not illustrated). If desired, the solvent can be reused 
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by recycling after the first separation stage. This is particularly attractive for 

recycling the unreacted ligand which is usually the most expensive reactant, or 

when an expensive or toxic solvent is used. 

[121] Wash and separation stages (again not illustrated) are performed 

preferably with water and/or with mixture of water and ethanol. A portion of the 

washing medium can be recycled back to the reactor 305/405, while the 

remaining liquid is sent to waste. Depending on the reaction conditions the 

recycle and waste streams consist of solvent, unreacted ligand and salt, as well 

as a reaction byproduct. The by-product concentration depends on the recycle 

flow rate. Note that high concentrations may have a detrimental effect on the 

MOF synthesis reducing the yield, dictating the maximum feasible recycle flow 

rate. 

[122] The MOF crystals formed in Example 4 were isolated from the solvent 

using a megasonic apparatus and process according to one embodiment of the 

present invention. A conventional centrifuge was used as a control reference. 

[123] The megasonic separator 500 is shown in Figure 7. The megasonic 

separator 500 applies >400 kHz high frequency ultrasound to create a standing 

wave, i.e. regions of minimal pressure (nodes) and maximal pressure 

(antinodes) within a separation chamber 510 of megasonic separator 500. 

[124] Figure 7(a) shows the megasonic separator 500 set-up with a high 

frequency system using one 200 kHz plate transducer 505 (best shown in 

Figure 7(b)). The megasonic separator 500 essentially comprises a 1.1 L 

stainless steel container. It should be noted that a clear polycarbonate 6-litre 

container shown in the Figures was used initially to visualize the separation 

process. However, normal operation and experiments were performed in a 1.1-

litre stainless steel container (not pictured). 

[125] The illustrated clear polycarbonate 6-litre container is split into two 

sections, a 1.1L treatment section 510 containing the transducer plate 505 and 

an unprocessed section 512. The treatment section 510 and unprocessed 
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section 512 are separated by a metallic (stainless steel) reflector plate 515 used 

to reflect the megasonic waves. 

[126] The plate transducer 505 was used for sonication at a frequency of 2 

MHz (305 W) for 10 min. 

[127] Figure 7c shows the schematic of the standing wave pattern formed by 

the superimposition of a reflected sound wave within the treatment section 510. 

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. As previously noted, suspended particles or 

droplets migrate specifically towards one of these two regions due to acoustic 

radiation forces, based on their density and compressibility. In general, the 

aggregated MOFs are slightly denser than the surrounding fluid, and migrate 

towards the pressure nodes. As shown in Figure 8, this gathering of MOF 

material enhances the tendency to form larger aggregates which then sediment 

settles at a greatly accelerated rate to the bottom of the separation chamber, 

where they can be collected. 

[128] Figure 8 provides three photographs of a MOF solution being treated in a 

megasonic treatment apparatus 500 shown in Figure 8(a) at specific times (1 

minute, 4 minute and 10 minutes) during the megasonic separation process 

described above. In the left or separation compartment 510, the megasonic 

separation and purification process of the AI-MOF is shown. The right 

compartment 512 shows the same MOF solution without sonication. The 

settling of the MOF is clearly visible in the separation compartment 510 after 4 

mins and 10 mins compared to the cloudiness of the same MOF solution 

without sonication shown in the right compartment 512. 

EXAMPLE 5 - Investigation into changes in MOF Composition 

[129] In order to investigate whether megasonics separation introduces 

changes in the MOF composition, ^-potential measurements were recorded 

after each washing step of Example 5 as shown Table 2. 
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[130] Table 2. Potential of the Al-Fumarate and MIL-53 MOF material after 

each wash step using Megasonics using water as a dispersant. 

MOF washing process (Megasonics) potential (mV) 

Al-Fumarate flow reactor +8.3 ± 0.4 

Al-Fumarate wash 1 in H20 +8.8 ±0.0 

Al-Fumarate wash 2 in H20 +8.8 ±0.1 

Al-Fumarate wash 3 in H20 +8.9 ±0.2 

Al-Fumarate wash 4 in EtOH + 10.6 ± 0.2 

Al-Fumarate wash 5 in EtOH + 11.3 ± 0.8 

MIL-53 flow reactor + 13.3 ± 0.4 

MIL-53 wash 1 in H20 + 15.1 ± 0.5 

MIL-53 wash 2 in H20 + 14.7 ± 0.3 

MIL-53 wash 3 in H20 + 12.6 ± 0.5 

MIL-53 wash 4 in EtOH + 12.7 ± 0.2 

MIL-53 wash 5 in EtOH + 14.6 ± 0.1 

[131] No significant changes to the surface charge were observed, pointing to 

a separation that is based on reversible aggregation. 

[132] To determine the quality of the crystals, XRPD and SEM measurements 

of the MOFs separated with megasonics and by the standard lab-scale 

centrifuge were compared. X-Ray powder diffraction (XRPD) confirmed the 

crystallinity of our Al-fum and MIL-53, showing identical patterns to those of 

crystals synthesized by solvothermal methods. It was observed by scanning 

electron microscope that the high-frequency treatment also does not affect the 

size and shape distribution of the MOFs. 

[133] A comparison of the backscattering and transmission data of the 

supernatant collected from the first separation of the MOF solution using 

centrifuge and megasonics was undertaken as shown in Figure 9. As shown in 

Figure 9, the recoverable MOF yield obtained with megasonic separation 

compared to the conventional centrifuge method is 3 % less for each washing 

step. This difference can be attributed to the fact that centrifuge separation 
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generates a higher G-force compared to the settling by gravity in megasonics, 

which leads to a more effective removal of the MOF material. 

[134] The measurements of the BET surface areas revealed that the MOFs 

separated and washed 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 Table 3). 

[135] Table 3: Comparisons of the reaction time between MOFs synthesized 

by convectional batch (using water as a reaction solvent) and by flow chemistry. 

BET surface areas, grams of MOF produced per 1 hour using flow chemistry 

and STY. Full adsorption isotherms are provided in the supplement information. 
Reaction 

time 
gh"1 Yield (%) STY (kgm"Jd"n) SABET Kg") 

From reactor 

Al-fum 1.2 min 338.04 109.0 25,040 -
MIL-53 1.2 min 50.68 112.8 3,754 -

Centrifuge x 5 

Al-fum 1.2 min 281.88 90.9 20,880 890 

MIL-53 1.2 min 42.14 93.8 3,121 806 

Megasonics x 5 

Al-fum 1.2 min 225.07 72.6 16,672 1075 

MIL-53 1.2 min 35.10 78.1 2,600 1183 

Commercial3 10.2 min 174 86 5339 1140 

Al-fum 

Literature" 4 hours 125 86 1300 1010 

MIL-53 

a) M. Gaab, N. Trukhan, S. Maurer, R. Gummaraju and U. Muller, Microporous Mesoporous Mater., 

2012, 157, 131-136. 

b) P. A. Bayliss, I. A. Ibarra, E. Perez, S. Yang, C. C. Tang, M. Poliakoff and M. Schroder, Green 

Chem., 2014, 16, 3796. 

[136] The Inventors attribute this improvement to the enhanced mass transfer 

that arises from acoustic streaming during megasonic application that promotes 

the removal of the excess organic ligands molecules inside of the pores. This is 

an important step forward for cost-effective and green production of MOFs as 

similar surface areas have only been obtained using laboratory scale methods 

that would be expensive at large scale, namely by using supercritical ethanol or 

calcination up to 330 °C. 
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[137] The preceding Examples indicates that the apparatus, process and 

system of the present invention provides the following advantages: 

• Reaction time: Flow chemistry is able to produce MOFs at dramatically 

reduced reaction times, e.g. HKUST-1 in 1 min as opposed to 24 h using 

traditional methods, or NOTT-400 in 10 min rather than 72 h; 

• Space Time Yield: The Space Time Yield obtained by the process and 

apparatus of the present invention is 10 times larger than commercial 

employed methods; and 

• Green chemistry principles: The present invention (reactor and megasonic 

separation) follow green chemistry principles leading to improved workplace 

safety and lower environmental impact. 

[138] Those skilled in the art will appreciate that the invention described herein 

is susceptible to variations and modifications other than those specifically 

described. It is understood that the invention includes all such variations and 

modifications which fall within the spirit and scope of the present invention. 

[139] Where the terms "comprise", "comprises", "comprised" or "comprising" 

are used in this specification (including the claims) they are to be interpreted as 

specifying the presence of the stated features, integers, steps or components, 

but not precluding the presence of one or more other feature, integer, step, 

component or group thereof. 
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Claims 

 

1. An apparatus for producing metal organic frameworks, comprising: 

a tubular flow reactor comprising a heated tubular body into which, in use, 

precursor compounds which form the metal organic framework are fed and flow, said 

tubular body including at least one annular loop comprising a coil; 

a flow restriction device comprising a back-pressure controller downstream of 

the tubular reactor for controlling the pressure within the tubular reactor; and  

an apparatus for separating a metal organic framework (MOF) from a solution, 

comprising: 

a housing having a reservoir capable of receiving a MOF containing 

solution; 

a high frequency ultrasound transducer operatively connected to the 

reservoir and capable of applying megasonic frequencies of at least 400 kHz to 

the MOF containing solution, for separation of MOF from the MOF containing 

solution; and 

an acoustic reflector surface spaced apart from the transducer within the 

housing configured to reflect said applied high frequency ultrasound from the 

high frequency transducer off the acoustic reflector surface, said acoustic 

reflector surface being spaced away from the high frequency ultrasound 

transducer such that a standing wave is formed through constructive 

interference, 

wherein the precursor compounds are provided as at least one precursor 

solution fed into an inlet of the tubular reactor and heated during flow through the said 

tubular body. 

 

2. An apparatus according to claim 1, further comprising an inline mixing 

arrangement wherein the precursor compounds are provided in at least two different 

precursor solutions containing different precursor compounds, the precursor solutions 

being mixed through inline mixing in a feed conduit fluidly connected to the inlet of the 

tubular body where the different precursor solutions are fed into the same inlet, the 

two or more precursor solutions being mixed at or proximate that inlet.  
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3. An apparatus according to claim 1, wherein the average radius of each annular 

loop is between 10 and 1000 mm.  

 
4. An apparatus according to any one of claims 1-3, wherein the at least one 

annular loop form a tubular shaped coil radially centred about a central axis of the coil. 

 
5. An apparatus according to any one of claims 1-4, wherein the length of the coil 

is greater than 50 mm. 

 
6. An apparatus according to any one of claims 1-5, wherein the tubular flow 

reactor comprises a capillary tubular flow reactor. 

 
7. An apparatus according to any one of claims 1-6, wherein the internal diameter 

of the tubular body is between 0.5 mm and 50 mm. 

 
8. An apparatus according to any one of claims 1-7, wherein the tubular body is 

located inside a heated housing. 

 

9. An apparatus according to any one of claims 1-8, wherein the tubular body is 

covered by or otherwise in contact with a heating arrangement, and the tubular body 

heats the precursor compounds to a temperature of between 20 and 200 ˚C. 

 

10. An apparatus according to any one of claims 1-9, wherein the housing 

comprises a container including at least one wall position to contact the MOF 

containing solution, and the transducer is a high frequency ultrasound transducer that 

is positioned within the reservoir or in engagement with the at least one wall. 

 

11. An apparatus according to any one of claims 1-10, wherein the high frequency 

ultrasound transducer comprises a plate transducer. 

 
12. An apparatus according to any one of claims 1-11, wherein the housing 

includes at least one reflector surface designed to reflect the applied megasonic 

frequencies within the reservoir. 
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13. An apparatus according to any one of claims 1-12, wherein the high frequency 

ultrasound transducer is configured to provide an applied high frequency ultrasound 

of between 400 kHz to 4 MHz. 

 
14. An apparatus according to any one of claims 1-13, wherein the high frequency 

ultrasound transducer is configured to provide an applied high frequency ultrasound 

of greater than 1 MHz. 

 
15. A system for producing a metal organic framework (MOF), comprising: 

an apparatus for forming a metal organic framework from precursor materials 

according to any one of claims 1-14; and 

an apparatus for washing and/or purifying the metal organic framework, 

comprising: a housing having a reservoir capable of receiving a MOF containing 

solution from the reactor; and a high frequency ultrasound transducer operatively 

connected to the reservoir and capable of applying megasonic frequencies of at least 

20 kHz to the MOF containing solution. 

 

16. A process for producing metal organic frameworks, the process comprising:  

introducing into an apparatus according to any one of claims 1 to 14 a solution 

comprising precursor compounds for forming the metal organic framework in solvent;  

promoting a reaction within the tubular flow reactor to form the metal organic 

framework; and 

applying a high frequency ultrasound of at least 20 kHz to a MOF containing 

solution sourced from the tubular flow reactor, such that any high frequency ultrasound 

applied within the MOF containing solution reflects off the acoustic reflector surface 

forming a standing wave through constructive interference, thereby separating the 

MOF material from solution as an aggregated sediment which settles out of the MOF 

containing solution. 

 
17. A process according to claim 16, wherein the precursor compounds are 

provided in at least two different precursor solutions containing different precursor 

compounds, the precursor solution being mixed prior to introduction into the tubular 

body. 
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18. A process according to claim 16, wherein the precursor compounds are 

provided in at least two different precursor solutions containing different precursor 

compounds, the precursor solutions being mixed after introduction into the tubular 

body.  

 
19. A process according to claim 16, wherein the yield of MOF from the apparatus 

is greater than 60%. 

 

 
 

 

 

 

 

 


