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MOF manufacture consists of multistep processes, including filtra-
tion and washing steps to remove coproduced salts and wash out
the solvent, if any. This constitutes a productivity bottleneck,
together with significant costs for waste disposal. We show here a
robust single-step route for the synthesis of aluminium-based
MOFs that has been successfully applied to Al-fum, MIL-96, MIL-
120, and MIL-160, all using aluminium alkoxide as a precursor.
Highly crystalline MOFs are obtained with high yields (>90%). No
wash-up or separate drying steps are necessary.

As the demand for sustainable and efficient material syntheses
increases," researchers are actively exploring synthesis
methods for aluminium-based metal-organic frameworks
(Al-MOFs). These AI-MOFs are identified as potential candi-
dates for various sorption-related applications, such as water
harvesting, CO, capture, heat management, environmental
remediation...”"® The use of earth-abundant aluminium and
the availability of a wide variety of industrially produced
organic linkers make this AI-MOF family particularly attractive.
Al-MOFs show excellent stability towards humidity (high
valence metal ions like AI** present strong bonds with carbox-
ylate linkers according to the hard-soft acid-base principle),
making them suitable for multi-ton scale production.” Never-
theless, a non-negligible number of challenges remain, among
them the widespread use of hazardous solvents and the need
for thorough filtering and washing steps to treat coproducts
(energy-intensive and time-consuming).®® These challenges
hinder the scalability of AI-MOF production and limit their
applications in industrial settings.

So far, the best scalable syntheses of AI-MOFs reported in the
literature focus on the use of water as a solvent but neglect the
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production of undesired coproducts (Table S1, ESIt). The MIL-
53 synthesis published by P. A. Bayliss et al. reports a 500 g
scale continuous flow synthesis using Al(NO3);-xH,0 and Na-
functionalised BDC in water at 300 °C. Unreacted linker is
extracted from the final product using supercritical ethanol,
which is energy intensive and involves the treatment of salt
waste."® Concerning CAU-10-H and MIL-160, Z. Zheng et al.
reported a several kg scale route using 50 L of water with the
addition of sodium hydroxide and using, respectively, alumi-
nium sulphate and aluminium chloride as the metal source.
The product is filtered and washed with water to remove the
produced salt, which involves waste treatment.> For MIL-96, M.
Benzaqui et al. reported two syntheses in water, based on
Al(NO3)3-xH,0, either microwave-assisted with the addition of
acetic acid or under reflux conditions. Both synthesised mate-
rials are washed with water to remove the produced salt and
acid present in the reaction liquor.'* A solvent-free synthesis is
also reported by B. Gonzalez-Santiago et al., using Al(NO;);-
xH,0 in a Teflon-lined autoclave at 190 °C, which is harder to
scale up and energy demanding compared to the previous
synthesis."? Finally, MIL-120 has been synthesised using alu-
minium hydroxy acetate, at a gram scale in water only (80 °C,
72 h) and at a kg scale (reflux, 24 h). This synthesis generates
acetic acid as a coproduct, which needs to be neutralised. The
final product is washed with hot water to again remove the
produced salt.®

Recently, we developed a novel, scalable synthesis of alumi-
nium fumarate (Al-fum) based on Al-isopropoxide, a commod-
ity chemical.® The dual role of aluminium isopropoxide as a
basic and chelating agent enables a steady reaction with
fumaric acid without requiring pH adjustment. Unlike pre-
viously reported aqueous-phase pathways,'® this exclusive
water-based synthesis (in contrast to NaOH addition'®) does
not require filtering and/or washing steps, as no salts are
coproduced. The released isopropanol is removed at the activa-
tion step together with the water. The challenge is to assess the
efficiency of this single-step, scalable Al-alkoxide-based sol-gel
approach on other AI-MOFs with yields approaching 100%.
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Fig. 1 Schematic structure of di-, tri- and tetratopic linkers (in protonated
form) used in this study.

This study reports the extension of the above-mentioned
environmentally friendly synthetic route to other AI-MOFs.
In this work, only commercially produced and widely available
carboxylic acids are evaluated as linkers. In analogy with
the reported fumaric acid (FA) used as a reference herein,
the following five other organic linkers are tested: 1,4-
benzenedicarboxylic acid (BDC), isophthalic acid (IPA), 2,5-
furandicarboxylic acid (FDCA), 1,3,5-benzenetricarboxylic acid
(BTC) and 1,2,4,5-benzenetetracarboxylic acid (BTeC) (Fig. 1).
When combined to aluminium-nodes, they respectively lead to:
MIL-53, CAU-10-H, MIL-160, MIL-96 and MIL-120 (Fig. 2). Simi-
larly to Al-fum, three of the above-listed AI-MOFs are based on
dicarboxylic linkers: BDC, IPA and FDCA. Both carboxyl groups
of those linkers are connected to an organyl group consisting of
an aromatic ring, either a benzene or a furan-type ring. Subse-
quently, a tritopic linker — deprotonated BTC - and a tetratopic
linker — deprotonated BTeC - are tested.

Here, we applied the recent protocol developed for Al-fum to
the five aforementioned Al-MOFs. As for Al-fum, all syntheses
are performed in water with no addition of basic or acidic
modulators. The synthesis only contains the appropriate stoi-
chiometric equivalent of metal and linker with a dry mass
content of 2.7 wt% (with respect to precursors, Table S2, ESIT).
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Fig. 2 (a)-(f) Structures of Al-MOFs (Al-fum (a), MIL-53 (b), CAU-10-H (c),

MIL-160 (d), MIL-96 (e), and MIL-120 (f)) and the associated Al to organic
linker molar ratios. (g) Synthetic approach for the synthesis of Al-MOFs.
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Fig. 3 PXRD patterns of simulated (in red) and as-synthesised (in black)
Al-fum (a), MIL-160 (b), MIL-96 (c), and MIL-120 (d) samples.

To maximise the solubility of all linkers in water, all reactions
are performed under reflux (7= 100 °C). First, the organic linker
and solvent are placed in the heated oil bath, and agitation is
set to 500 rpm. When maximum solubilisation is reached,
aluminium isopropoxide is added to the mixture. After
24 hours, the synthesised AI-MOF is collected via centrifugation
and placed in an oven at 70 °C overnight.

Al-fum, MIL-160, MIL-96, and MIL-120 are directly obtained
as white powders. The crude materials are all crystalline and
their PXRD are in excellent agreement with the calculated
patterns obtained from Al-fum, MIL-160, MIL-96, and MIL-
120 crystal structures (Fig. 3), with no further washing needed.
The permanent porosity of these four AI-MOFs is measured by
nitrogen (N,) adsorption-desorption isotherms at 77 K (Fig. S1,
ESIt). All isotherm profiles are reversible and show BET surface
areas between 325 and 1100 m* g ' and total pore volumes
between 0.24 and 0.58 cm® g™, in line with the theoretical
values from the literature (Table 1). CO, sorption is measured
on MIL-96 and MIL-120 at 298 K, showing an uptake of 2.5 and
2.8 mmol g~ ', respectively (Fig. S2, ESIT). TGA analysis under
air shows that Al-fum, MIL-160, MIL-96, and MIL-120 are all
thermally stable up to at least 300 °C (Fig. S3, ESIf).

Following the successful results obtained through spray-
drying for large-scale synthesis of Al-fum,'* a pilot-scale
spray-drying is attempted to produce several kilograms of
MIL-160. Among the three candidates, MIL-160 is selected
because no polymorphs are expected (unlike MIL-96), and the
large-scale purchase of FDCA is cheaper than BTeC. The pre-
cursor solution for spray drying is prepared by adding 61.7 kg of
aluminium isopropoxide, 47.0 kg of FDCA, and 110 L of water
together in a 200 L reactor, corresponding to 49.7 wt% of dry
mass (with respect to precursors). After mechanical agitation at
70 °C for 12 hours, the mixture is spray-dried at a flow rate of
69.5 & 0.5 kg h™". Details of the spray-drying apparatus and
specifics are reported in our previous work." 57 kg of MIL-160
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Table 1 Yield ranges, measured and theoretical BET surface areas, and total pore volumes of all as-synthesised materials

Al-MOF Yield® (%) Measured Sggr (m* g ) Sger ranges in literature (m* g ") Vporous (cm® g™, at p/p, = 0.90)
Al-fum? 75-90 1078 723-1333"° 0.54
Al-fum_SP° 974 1020 0.52
MIL-160" 60-80 1076 968-1180"° 0.40
MIL-160_SP* 96 1135 0.44
MIL-96” 90->98 325 310-600* 11017 0.21
MIL-120" >98 378 308"° 0.31

“ Details on the yield measurement are given in the ESI (Table S2). ? Yields are complicated to calculate accurately for gram-scale syntheses. Yields
calculated on scaled-up materials are both more accurate and reliable. ¢ SP stands for spray-dried. ¢ Yield calculated from precursor and product

masses given by M. Perbet et al."?

are collected, which represents a yield of 96% if we consider the
material to be recovered dehydrated (Table 1). PXRD pattern,
nitrogen adsorption isotherm and the SEM images of the
sample confirmed the good quality of MIL-160 similar to the
lab scale synthesis (Fig. 4 and Fig. S4, ESIf).

In summary, the extension of the Al-fum scalable synthesis
has been successfully applied to MIL-160, MIL-96, and MIL-120;
among these three, the first was successfully scaled up through
spray-drying up to about 60 kg. All syntheses are repeatable
with the same properties. The same approach is attempted with
BDC and IPA. Conversely, the crude materials obtained show a
different phase than the simulated PXRD patterns for MIL-53
and CAU-10-H, the targeted materials. Both samples are washed
with ethanol (using a Soxhlet), and a second PXRD analysis is
performed. Differences between the first and second patterns
reveal that some peaks of MIL-53 are due to the remaining linker.
In the case of CAU-10-H, no proof of remaining linker is detected,
but rather an unknown phase, different from the expected pattern
(Fig. S5, ESIT). The N, physisorptions measured on both samples
show little to no porosity (Fig. S1, ESIt).

At first glance, it is not easy to determine the parameters
that influence the AI-MOF formation. First, differences in
topology are not a relevant parameter. Indeed, all mentioned
Al-MOFs are built from AI** ions coordinated by six oxygen
atoms, forming [AlOg] octahedra as their primary inorganic
building unit. These octahedra are connected via hydroxyl
bridges (u,-OH or p;-O), water molecules, or directly through
carboxylate groups from the organic linkers. All MOFs except
MIL-96 adopt infinite chains, whereas MIL-96 combines iso-
lated trimers with infinite chains.'®>* Al-fum and MIL-53 are
isoreticular with ditopic ligands, with the exception that Al-fum
possesses rigid channels, whereas MIL-53 is flexible upon
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Fig. 4 PXRD pattern (left) and N, adsorption/desorption isotherm at 77 K
(right) of the pilot batch spray-dried MIL-160 sample.
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external stimuli. MIL-160 and CAU-10-H are also isoreticular,
with different pore sizes. All these MOFs have an Al/linker ratio
of 1 to 1 according to their formula. MIL-53 and CAU-10-H
synthesis attempts failed even though the structures are iso-
reticular to successfully synthesised Al-fum and MIL-160,
respectively. MIL-96 and MIL-120 are 3D structures based on
tritopic and tetratopic and present an Al/ligand ratio of 2.3 to 1
and 4 to 1, respectively.

Moreover, the linker’s solubility in water is a critical factor,
which directly affects the pH. pH values are measured at the
beginning (only water plus organic linker) and after 24 hours of
reaction (Fig. 5 and Fig. S6, Table S4, ESIt) to get an insight into
the reagent’s consumption. A trend is observed between the
starting pH and the synthesis success: the syntheses with the
lowest pH at the start are those that work. The possible
influence of the pH limits at the reaction start is tightly linked
to the acid’s solubility in the reaction media (Table S5, ESIt). At
higher starting pH, aluminium isopropoxide is partially hydro-
lysed to available AI**. Indeed, according to B. Lekhlif et al., the
predominance of AI** species in acidic media is assessed until
pH = 3.5.>° No formation of aluminium hydroxide is observed
in all our syntheses (pH starting value for aluminium hydroxide
formation being about 4.25, Fig. 5). The non-formation of MIL-
53 and CAU-10-H phases, for which the pH at the start is 4.00
(out of AI’* predominance zone) and 3.48 (limit of AI** pre-
dominance zone), indicates that linker deprotonation impacts

T T T T T T
Al-fum  MIL-53 CAU-10-H MIL-160 MIL-96 MIL-120

Fig. 5 pH ranges of all syntheses (first point at reaction start and second
after 24 hours). The green zone represents the predominance of Al**
species, the red zone is an in-between where plural ionic species exist, and
the yellow one is the limit from which aluminium hydroxide starts forming.

This journal is © The Royal Society of Chemistry 2025
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al-isopropoxide hydrolysis. It is also interesting to notice that
between the start and end of the reaction for MIL-53 and CAU-
10-H syntheses, there is almost no pH variation. This could
reflect the low reactivity between AI** and the linker.

It is important to recall that key features of the studied
reaction pathway are the exclusive use of water as the solvent,
without any addition of base or modulating agents, allowing
also the suppression of washing steps, making it a one-step
synthesis. We demonstrate that Al-fum, MIL-160, MIL-96, and
MIL-120, which are promising for CO, capture and water-
related sorption applications, are obtained through this
reported scalable synthesis pathway at high yield and without
compromising product quality (high crystallinity and expected
surface areas). Scale-up via spray-drying is herein demonstrated
on MIL-160 (57 kg in one batch, yield 96%), showing that this
one-step scalable synthesis is robust to linker change. This
opens an easy and sustainable path towards an industrial
process for large-scale AI-MOF production. Further mechanistic
studies on AI-MOFs are under progress to reveal the formation
of these porous materials as well as the economic impact of
such synthesis for the production of AI-MOF at large scale.
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