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NO,, SO, and CO, are major air pollutants causing significant environmental and health
problems. Metal-organic frameworks (MOFs), in particular [Al,(OH),(C;605Hs)](H,0)s
(trivial names: NOTT-300/MFM-300(Al)), have shown great promise for capturing these
gases. However MOF syntheses often involve toxic solvents and long durations which are
inherently energy intensive, an environmental burden, and have serious safety risks. There is a
pressing need to develop environmentally-friendly routes to MOFs that require less energy and
implement safer solvents particularly when considering scale-up beyond the laboratory for
industrial application. We report the rapid synthesis of MFM-300(Al) in aqueous conditions
and 10 minutes using microwave heating. This is the fastest reported synthesis of MFM-
300(Al) to date with a 99.77 % reduction in reaction time compared to the current reported 3-
day conventional heated route. The microwave synthesized sub-micron crystalline material
exhibits gas uptake capacities of 8.8 mmol g! at 273 K and 1.0 bar for CO,, 8.5 mmol g! at
298 K and 0.17 bar for SO,, and 1.9 mmol g-!' at 298 K and 0.01 bar for NO,. These are 26 %,
70 %, and 90 % greater for CO,, SO,, and NO,, respectively, when compared to previously
reported MFM-300(Al) materials produced via a 3-day conventionally heated route
demonstrating the production of high quality materials at a fraction of the time with enhanced
gas properties. Crucially, this offers an opportunity to move from batch to continuous

processing owing to reduced reaction times underpinned by targeted heating.

Main Text

The dioxides of nitrogen, sulfur and carbon (NO,, SO, and CO,, respectively) are
regarded as three of the most problematic air pollutants generated by anthropogenic activity. !
3NO,; and SO, are particularly detrimental to the environment 3-> and human health 67 as they

contribute to toxic photochemical smog and acid rain.® Additionally, the escalating level of
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atmospheric CO, is a major environmental concern due to its implication in global warming:32c5 00

The harmful effects of NO,, SO, and CO; have provided significant impetus for their removal

and the development of a sustainable low-carbon economy.

Metal-organic frameworks (MOFs) are subset of co-ordination polymers that show
great potential for gas storage and separation owing to their exceptionally high surface areas
and tuneable pore environment and functionalities.®® Notably [Al,(OH),(C1603He)](H2O)s
(trivial names: NOTT-300/MFM-300(Al)) has shown exceptional selective reversible
adsorption and uptake capacity of CO,, SO,, low-concentration NO, (5,000 to < 1 ppm), and
ammonia.'%!7 A highly sensitive SO, sensor based on the indium analogue of MFM-300 was
also recently reported.'® However, current methods of preparing MFM-300 and indeed many
other MOFs, hinders their adoption in industrial gas storage and separation applications.'®
MOFs are commonly synthesised via solvothermal batch reactions which involve large
volumes of toxic solvent and long reaction times (up to one week).?’ The development of routes
that reduce the product cost and environmental burden of MOFs is critical for the transfer of
these materials from the laboratory to industry and the realisation of the environmental benefits

that these materials offer.?! In order to address these synthetic challenges, electrochemical,

Published on 01 August 2019. Downloaded by University of Nottingham on 8/7/2019 1:54:19 PM.

sonochemical, mechanochemical, spray drying, continuous flow, and microwave methods have
been developed.?®?? Of these routes, microwave heating has been shown to offer highly
significant benefits such as exceptionally rapid reactions (on the order of seconds),?® control

over particle morphology and size, and phase selectivity.?!

In this paper we describe an aqueous microwave-assisted method for synthesising
MFM-300(Al) on the tens of milligrams scale in 10 minutes. This is the first time a microwave
route to MFM-300(Al) has been reported. This route requires significantly less time than the
current procedure (3-day solvothermal synthesis at 210 °C)!'? and negates the requirement for

a corrosive piperazine additive,!? whilst delivering MFM-300(Al) at a higher percentage yield
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(83 c.f 75 %) with a highly uniform particle size and morphology and significantly, enhaticed ;s s

uptake capacities for CO,, SO, and NO,.

A 4:1 mixture of aluminium chloride hexahydrate and biphenyl-3,3°,5,5’-
tetracarboxylic acid (H4BPTC) in deionized water was heated, with stirring, at 210 °C in a
commercial CEM Discover microwave cavity for 10 minutes. Further synthetic details,
including method development, are given in the experimental section. Note: temperature was
determined by an in-built infra-red sensor and therefore represents the average temperature of
the reaction mixture. The resulting suspended particles of microwave synthesised MFM-
300(Al) (hereby denoted MFM-300(Al)-MW) were found to be 550 — 450 nm long and
between 950 — 282 nm wide, with a stubby cylindrical to cuboidal morphology (Figure 1).
This differs from the plate-like sub-micron particles previously reported for MEM-300(Al)!?
prepared using conventional heating (hereby denoted MFM-300(Al)-CH) and is a likely
consequence of the different heating mechanism promoting a different mode of crystal
growth.?1-23 Reflections in the powder X-ray diffraction (PXRD) pattern of MFM-300(Al)-MW
were indexed to the 14,22 tetragonal space group, corresponding to the reported crystal
structure of MFM-300(Al)-CH (Figure 2).'? A simulated Le Bail fit>* to the 14,22 space group
revealed the presence of a low intensity extra reflection at around 27 © 20 (Figure 2) attributed
to residual unreacted linker (H4BPTC).However, there was no detectable evidence of unreacted
linker by thermogravimetric analysis, i.e. no loss at the decomposition temperature of HyBPTC
(340 °C) was observed (Figure 3). No peaks corresponding to y-Al(O)OH? or other MOF
phases beyond MFM-300(Al) were observed. Attempts to synthesise MFM-300(Al) using
these conditions with conventional heating for 24 to 72 hours (rather than rapidly using

microwaves) gave a mixture of MOF phases and y-AlIO(OH).?

Low pressure CO, adsorption-desorption isotherms of MFM-300(Al)-MW at ambient

temperatures (273 — 303 K, Figure 4a) show very high uptake capacities, with a maximum
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value of 8.8 mmol g! at 273 K and 1.0 bar and 4.7 mmol g! at 303 K and 1.0 bar., Analysi§'ofc; s
the adsorption branch of the CO, isotherm at 273 K gave a BET surface area of 1272 + 25
m?g!. The non-local density functional theory (NLDFT) model for carbon slit pores?%-?® gave
a pore size distribution centred at 0.5 nm whereby the total pore volume is reached at 0.6 nm,
indicative of a solely microporous material,?® and a cumulative pore volume of 0.58 cm3 g-!
(Figure 4b). These results differ from the CO, sorption properties of MFM-300(Al)-CH
whereby a maximum uptake of 7.0 mmol g'! at 273 K and 1.0 bar and cumulative pore volume
of 0.38 cm? g'! were reported.!> MFM-300(Al)-MW shows negligible N, sorption at 298 K up
to 1 bar (see Figure 5a), however at 77 K a Type I isotherm, with some Type IV character, is
observed (Figure 5b). From these data, an N, uptake of 135 cm3g! at ca. 0.5 bar and BET
surface area of 515 + 1 m?g’! were calculated (Figure 5b). These results are significantly
different compared to MFM-300(Al)-CH which does not adsorb dinitrogen.!?-!> The lack of N,
porosity demonstrated by MFM-300(Al)-CH is not expected for an open porous structure and
was ascribed by Yang et al. to restricted diffusion at low temperatures as a result of the narrow
pore channels.!? Further work is ongoing to investigate the difference in porosity between

microwave and conventionally heated MFM-300(Al) materials.

Published on 01 August 2019. Downloaded by University of Nottingham on 8/7/2019 1:54:19 PM.

We also determined the SO, and NO, sorption properties of MFM-300(Al)-MW which,
like MFM-300(Al)-CH, exhibits exceptional uptake capacities for these environmentally
detrimental gases. The high uptake of SO, and NO, exhibited by MFM-300(Al) are a result of
multiple formal interactions between the bridging p,-OH functionality of the aluminium
secondary building unit with guest molecules, resulting in an efficient packing of SO, and NO,
within the pore.!>13-1¢ SO, adsorption isotherms at 283 K, 298 K and 303 K for MFM-300(Al)-
MW collected using 25 % SO, in N, are shown in Figure 5a and are summarised in Table 1.
As can be seen, MFM-300(Al)-MW exhibits high SO, uptakes, 8.49 mmol g at 298 K and

0.17 bar partial pressure (P), exceeding the previously reported ~5 mmol g! at the same
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temperature and pressure,'® and 8.1 mmol g! at 273 K and P = 1.0 bar'2. As with the previdiisl s
reported MFM-300(Al)-CH, the SO, uptake for MFM-300(Al)-MW (Figure 5a) show a steep
increase at low pressure (<0.01 bar P) followed by a less steep increase up to 0.1 bar P,
indicative of a Type I isotherm.!? At a P of 0.10 bar and 298 K, MFM-300(Al1)-MW exhibits
the second highest reported SO, uptake capacity compared to other MOFs (Table 1) which is
promising for potential applications in SO, capture from flue gas where the concentration of
SO, is typically <500 ppm?® or for low concentration SO, gas detection!”. NO, uptake by
MFM-300(Al)-MW was confirmed by measuring single point adsorption at 273 K, 298 K and
313 K using a mixture of 1 % NO, in N, (see Figure 6). Ata P of 0.01 bar and 298 K, MFM-
300(Al)-MW shows an NO, uptake of 1.89 mmol g'! which exceeds the reported NO, uptake

of 1.02 mmol g-! for MFM-300(Al)-CH at the equivalent pressure.!®

In conclusion, the rapid synthesis of MFM-300(Al) in aqueous conditions using
microwave heating has been developed. This route yields MFM-300(Al) on the tens of
milligram scale in just 10 minutes with significantly enhanced uptake of polluting dioxides (8.8
c.f. 7.0mmol g'! CO,at273 K and 1 bar,'%-128.5 ¢.f. ~5 mmol g'! SO, at 298 K and 0.17 bar,!%16
and 1.9 c.f. 1.0 mmol g'! NO, at 298 K and 0.01 bar!”. Other essential properties of MFM-
300(Al) such as surface area (1272 = 26 m2g’!) and temperature of decomposition (> 500 °C)
are maintained. This is the fastest reported synthesis of MFM-300(Al) to date with a 99.77 %
reduction in reaction time compared to current solvothermal methods (3 days). The efficient
and facile procedure in this work represents a key step towards the development of a sustainable
route to MFM-300(Al), and possibly other MOFs, by reducing the environmental burden (use
of aqueous solvent and very short reaction times). This new method also offers favourable
conditions (e.g. short timescales) for development of a continuous and scalable production

route using microwave heating. Industry has identified the need for new sustainable routes to
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MOFs3? as a prerequisite for their use in real-world applications addressing major world-Wide s e

concerns in environmental air pollution.
Experimental Section
Materials and methods

Synthesis of MEFM-300(A])-MW: Aluminium chloride hexahydrate (99 %) and biphenyl-
3,3’,5,5’- tetracarboxylic acid (95 %) were obtained from Alfa Aesar and Manchester Organics
Limited, respectively, and used as received. Milli-Q plus 18.2 M Q cm deionized water was

used.

AICl36-H,0 (250 mg, 1.04 mmol), biphenyl-3,3°,5,5 -tetracarboxylic acid (H4BPTC,
85 mg, 0.26 mmol) and deionized water (15.0 mL) were added to a 35 mL vial. The vial was
sealed and contents stirred to facilitate dissolution of the metal salt. The vial was then placed
in to a CEM Discover microwave cavity and heated to 210 °C for 10 minutes (300 W,
maximum forward power) under autogenous pressure and with stirring. After the reaction time
had elapsed the vial was cooled in the microwave cavity with air and the resultant suspension

was centrifuged (4,200 revolutions per minute, 20 minutes) and washed with distilled water

Published on 01 August 2019. Downloaded by University of Nottingham on 8/7/2019 1:54:19 PM.

(ca. 50 mL). The centrifugation and wash step was repeated twice and the supernatant decanted.
The white powder product was then dried in an oven at 50 °C for 18 hours. After this time the
sample was allowed to rehydrate in the fumehood under ambient atmospheric conditions for
8 hours. Yield (89 mg, 83.5 %; for the dehydrated MOF, i.e. [Al,(OH),(C,605Hg)], calculated
based on the linker and TGA analyses). Further details on synthetic development can be found

in the Supporting Information.

Characterisation

Powder X-ray diffraction: Diffraction patterns were collected using a PANalytical MPD

diffractometer equipped with a PIXcel DKIW179H1 detector and a conventional sealed tube
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Cu X-ray source (operating at 40 kV and 40 mA), equipped with an a1 monochromator, SCANSC5 54 ee
were conducted between 2 ° and 70 ° 26 and data were analysed using TOPAS Academic3! and

are plotted using Veusz*2.

Thermogravimetric analyses: Thermogravimetric analyses were carried out using either a TA
instruments TGA 550 or Q5000IR analyser. Samples were heated at a rate of 2 K min™! under

a nitrogen atmosphere to a maximum of 800 °C. Data plotted using Veusz.*?

Scanning electron microscopy: High-resolution SEM images of MFM-300(Al) were collected
using a JEOL 7100F FEG-scanning electron microscope. Samples were prepared on machined
aluminium stubs with carbon adhesive tabs. The samples were coated with a 10 nm layer of
iridium using a Quorum QISOT ES coater. Imaging was conducted at a working distance of
10 mm with an electron gun accelerating potential of 15 kV. Frame captures of the sample
morphologies were obtained using Jeol PC-SEM software. Average particle size and standard
deviation were determined by measuring the length and diameter of a total of 50 particles using

ScionImage software.?3

Gas Sorption: Manometric CO, sorption isotherms were recorded at 273 K and 303 K up to
1.2 bar using either a Micromeritics 3Flex or a Micromeritics ASAP 2420 adsorption analyser.
In a typical measurement between 100 and 150 data points were collected. Surface areas were
calculated in the relative pressure (P/P;) range from 0.01 to 0.015 which corresponds to a
pressure of < 0.5 bar; in this region all of the micropores are filled. PSD and cumulative pore
volume were calculated from the adsorption branch of the CO, isotherm at 273 K using the
NLDFT pore model for carbon slit pore geometry.?%-2® Manometric N, sorption was recorded
at 77 K up to 1.0 bar using a Micromeritics ASAP 2420 adsorption analyser; ca. 100 data points

were collected. Samples were degassed at 120 °C for 15 hours under vacuum (10~ bar) before
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analysis. Data were analysed using Micromeritics MicroActive software (V5) and plotted usiiig s 57 s

Veusz.3?

Gravimetric SO, and NO, adsorption isotherms were recorded using a magnetic
suspension balance working in the dynamic flow mode at ambient pressure. Therefore, an inert
gas flow of dry nitrogen was used to balance the SO, concentration between SO, partial
pressure 0.002 — 0.2. SO, data were collected at temperatures of 283 K, 298 K, and 313 K and
partial pressures up to 0.10, 0.17 and 0.232 bar using 25 % SO, in N, as the sorbate. Single
point NO, sorption data were collected at 283 K, 298 K, and 313 K corresponding to partial
pressures between 0.009 and 0.01 bar using 1 % NO, in N, as the sorbate. Samples were

degassed in a nitrogen flow at 120 °C until no further decrease in weight was observed.

Manometric CO, and N, sorption isotherms were recorded using a stainless-steel
version of the BELSORP-max sorption analyser at 298 K and up to 0.81 and 1.0 bar,
respectively. In a typical measurement between 30 and 60 data points were collected. Samples
were degassed at 120 °C for 15 hours under vacuum (1077 bar) before analysis. Data were

plotted using Veusz.3?

Supporting Information
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Electronic Supplementary Information (ESI) available: further synthetic details.
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Figure 1. SEM image of MFM-300(Al)-MW synthesised in deionized water in J) minttes.ccoes

The material exhibits average particle dimensions of 604 + 111 x 520 + 234 nm.
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Figure 2. PXRD pattern of MFM-300(Al)-MW. Black = observed; red = simulated pattern Le
Balil fit; green = difference plot. Inset: Plot of the PXRD pattern between 24 and 28 © 20; an

extra reflection attributed to unreacted linker is visible at ~27 ° 20 in the difference plot.
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Figure 3. TGA thermogram of MFM-300(Al)-MW. (a) 30 - 100 °C = loss of adsqrbgd Wwatet
(15.85 %) from the MOF. (b) 465 - 600 °C) = thermal decomposition of microwave product

(40.23 %). Slow MOF decomposition is observed beyond 600 °C.
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Figure 4. (a) Manometric carbon dioxide gas sorption isotherms (legend inset) and (b) pore

size distribution (PSD, red) and cumulative pore volume plot (black) for MFM-300(Al)-MW.

Data calculated from the adsorption branch of the CO, isotherm at 273 K using the NLDFT

model for carbon slit pores.?6-28
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Figure 5. (a) Gravimetric SO, and manometric CO,, and N, gas adsorption isotherms and (b)

Manometric N, gas sorption isotherm at 77 K for MFM-300(Al)-MW. Legends inset. SO, data

were collected using 25 % SO, in N; as the sorbate.


https://doi.org/10.1039/c9gc02375e

Published on 01 August 2019. Downloaded by University of Nottingham on 8/7/2019 1:54:19 PM.

Green Chemistry Page 16 of 17

Table 1. Comparison of SO, uptake of selected MOFs. DO 10,1030 Coteomre
SO, uptake (mmol g!) Reference
Material Pressure (bar) Temperature (K)
0.01 | 0.10 | 0.17 | 1.00
72 | 8.6 - - 283
MFM-300(Al)-MW | 2.62 | 8.1° | 8.5 - 298 This work
0.5 | 7.6° | 8.0 - 313
MFM-300(Al)-CH | - - - 8.1 273 12
~4.5% | ~5" | ~5° 298 16
MFM-300(In) - - - 8.3 298 34
MOF-177 03 | 1.0 | 1.5 |25.7 293 29
NH,-MIL-125(Ti) | 3.0 | 7.9 | ~8.6"[10.8 293 »
- 5 ~7" 1 9.7 298 3
MIL-160 42 | 55 |~5.8"110.8 293 29
SIFSIX-1-Cu 34 | 8.7 - 11.0 298 36
SIFSIX-2-Cu-i 42 | 6.0 - 6.9 298 36

*Taken from isotherm 2At 0.013 bar. ®At 0.074 bar. At 0.12 bar.
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Figure 6. Single point NO, sorption data collected for MFM-300(Al)-MW at 283 K, 298 K,
and 313 K corresponding to partial pressures between 0.009 and 0.01 bar using 1 % NO, in N,
as the sorbate (in red). NO, isotherm at 298 K reported by Han et al. (reference 10) for MFM-

300(Al)-CH for comparison in black (sorbate is pure NO,). Legend inset.
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The synthesis of MFM-300(Al) in aqueous conditions and 10 minutes using microwave heating
is reported. This represents a 99.77 % reduction in reaction time and produces a material with
significantly enhanced uptake of polluting dioxides (8.8 mmol g! CO,, 273 K, 1 bar; 8.5 mmol
g! SO,, 298 K, 0.17 bar; 1.9 mmol g! NO,, 298 K, 0.01 bar) compared to the 3-day

solvothermal route.
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