Toward sustainable syntheses of Ca-based MOFs
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We report the use of benign and green precursors, including waste
chicken eggshells and PET (polyethylene terephthalate) from
recycled plastic bottles, for the facile synthesis of a variety of
calcium-based metal-organic frameworks (Ca-MOFs), using water
based and mechanochemical synthesis techniques.

Metal-organic frameworks are a class of porous and polymeric
material composed of metal nodes and organic linkers.? Diverse
applications of this material class include light molecule
adsorptions?, catalysis,3 separation® and drug delivery.> As the
research field reaches a level of maturity where industrialisation
comes into focus, one must start to consider the broader
aspects of material production, including the associated costs
as well as the environmental impacts of precursors and
synthetic procedures.® In order to fully exploit this class of
materials the area must look towards sustainable and facile
syntheses that do not require the use of large quantities of
often toxic solvents and shift toward green precursor sources.
Solid metal sources’ such as hydroxides,® oxides® and
carbonates!%11 have been extensively used in MOF synthesis,
both as direct metal ion sources and sacrificial templates. Metal
carbonates such as those of calcium and copper are highly
abundant naturally occurring minerals, that upon reaction with
carboxylate-based linkers such as terephthalic acid (H,BDC) and
squaric acid (H,SQ) form MOFs in excellent yield, while
producing only mild by-products (water and carbon dioxide).
Sumida et al.
carbonate, in the form of coral, sea urchin skeletons and
eggshells can be used as metal sources for the formation of
calcium-based MOF (Ca-MOFs) facsimiles of these natural
structures.’® While Ricco et al. recently showed that the
naturally occuring minerals malachite and azurite, polymorphs

demonstrated that biomineralized calcium
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of copper carbonate, can be used in the synthesis of the widely
studied framework HKUST-1 upon reaction with trimesic acid.1?

Recycling of plastics has also been employed as a strategy
toward renewable linker sources in MOF synthesis, including
PET (polyethylene terephthalate) and PLA (poly-lactic acid)!?
from bottles and cups, respectively. PET is one of the most
utilised plastics for a wide range of products, most notably
single-use packaging. Recycling of PET has drastically improved
in recent years, however new technologies to utilise this
environmentally persistent material are still necessary.13 PET
contains up to 85 wt% terephthalate monomers and thus can
be used as a source of terephthalic acid for MOF formation upon
depolymerisation.’* Deleu et al.> and Ren et al.'® first
demonstrated the use of PET in the synthesis of various MIL
(MIL = Materials Institute Lavoisier) family MOFs via one-pot
solvothermal syntheses, exploiting the matching temperature
requirements for simultaneous PET hydrolysis and MIL
assembly. Since then, hydrolysis of PET to yield terephthalic acid
in MOF syntheses has been applied to both nickel” and tin
frameworks,'® and a thermally robust water-stable hcp form of
Ui0-66.19

Mechanochemical techniques such as ball-milling,2° screw
extrusion?! and, very recently, liquid-assisted resonant acoustic
mixing?2 have been shown as rapid and largely scalable
processes for the synthesis of a wide-range of MOF materials.
The use of little or no solvent, fast reaction times and when used
in combination with solid metal carbonate precursors,?324
means that mechanochemical techniques offer a green
MOF syntheses
especially if one or more renewable framework precursor
sources can be accessed.

The benign toxicity and low density of calcium-based MOFs
are becoming increasingly desirable for applications in
adsorption, separation and drug delivery,?> and in this work we
develop facile sustainable synthetic routes (scheme 1) to three
representative Ca-MOFs: Ca(SQ)(H.0) (SQ = squarate),
Ca(FU)(H,0)s (FU = fumarate) and Ca(BDC)(H,O); (BDC =

alternative to traditional solvothermal
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Scheme 1. lllustrative reaction scheme for the preparation of Ca-based MOFs
from green precursors and sustainable synthesis techniques.

Ca-MOFs

benzene-1,4-dicarboxylate (terephthalate)) (fig. S1). We
demonstrate the bulk synthesis of these materials using waste
chicken eggshells as a renewable calcium carbonate source in
water or in combination with largely solvent-free
mechanochemical techniques. Significantly, Ca(BDC)(H,0)s can
be synthesised solvothermally in a one-pot synthesis, utilising
eggshells and recycled PET plastic bottles as sustainable
precursors, and also mechanochemically using reclaimed BDC
following the pre-hydrolysis of the polymer. By showcasing
these environmentally friendly syntheses we demonstrate
viability = towards the upscale, development and
commercialisation of this important class of materials.

Ca(SQ)(H,0) was initially prepared from commercial CaCOs3
(calcite polymorph) by simply adding the metal carbonate to an
aqueous solution of squaric acid and stirring for 24 hours at
room temperature. An immediate colour change of the solution
from colourless to purple and effervescence from carbon
dioxide production signified reaction had occurred. A previous
synthesis of this MOF from CaCOs has been reported but utilised
microwave heating (albeit for a short time).1° Full
characterisation, including powder X-Ray diffraction (PXRD) (fig.
1A), thermogravimetric analysis (TGA) (fig. S7) and scanning
electron microscopy (SEM) (fig. 1C) confirmed the formation of
the Ca-squarate MOF and that no residual calcium carbonate
precursor remained. This is significant given the lack of heating
and relative insolubility of calcite.

The topologically identical frameworks Ca(FU)(H.0); and
Ca(BDC)(H20)3 could also be prepared directly from calcite, but
hydrothermal syntheses were necessary in order for the ligand
to adequately dissolve for framework assembly. In the case of
Ca(FU)(H20)s, after heating at 100°C for 24 hrs a clear solution
resulted from which large colourless crystals of the MOF formed
after 1 day (fig. S15). Both frameworks were characterised fully
by PXRD (fig. 2A & 2C), SEM (fig. 2B & 2D) and TGA (fig. S16 &
$18).

To investigate the wider sustainability of Ca-MOF syntheses,
we directly replaced the commercial CaCO3 with waste chicken
eggshells as the Ca(ll) source, focussing on the bulk synthesis of
the materials rather than framework replication of the
hierarchical biomineral structure. The chicken eggshells were
firstly characterised to confirm their composition through PXRD
(fig. S3), TGA (fig. S4), SEM (fig. S5) and Fourier transform
infrared spectroscopy (FTIR) (fig. S6). The interior organic
membrane of the shell was removed mechanically prior to
characterisation. The shells were then dried at 70 °C for one
hour followed by complete grinding in a pestle and mortar.
PXRD and FTIR confirmed that the eggshell consisted wholly of
calcite. TGA characterisation of both membrane intact and
membrane removed samples confirmed that our method could
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remove most organics present on the interior surface, resulting
in a residual mass (CaO) of 53% compared to an expected value
of 56% for pure calcite. As expected, SEM confirmed that the
ground eggshells have irregular particle size and morphology.

In all cases the ground eggshells could be directly used in
place of commercial CaCOsz under the previously determined
reaction conditions with no evidence of residual calcite present
in any of the three MOF products (fig. S8, 1A, 2A & C). The
addition of a larger eggshell fragment (membrane removed) to
an equimolar solution of H,SQ expectedly caused effervescence
and the formation of MOF crystals on the surface of the shell
after a few days when left at room temperature under static
conditions. This initial crystal growth was visualised via SEM (fig.
1D) and is reminiscent of the coordination replication work
developed by Sumida et al.1° After standing for a further week
the eggshell fully transformed to the squarate MOF (fig. 1A).
Remarkably, the slow crystallisation of the squarate MOF
yielded X-ray quality single crystals nucleating on and growing
outwards from the interior and exterior surfaces of the eggshell
(fig. 1B & S9). We found that keeping the organic membrane
intact to the eggshell however partially inhibits the formation of
large crystals on the shell interior (fig. S10 & S11), and thus
crystallisation to some extent can be influenced by the presence
of this semi-impermeable organic layer as occurs in matrix-
mediated biomineralisation processes.

Only Ca(SQ)(H20) was found to be accessible from calcite
(commercial or eggshells) under room temperature aqueous
conditions, so the preparation of all three frameworks were also
investigated using liquid assisted grinding (LAG) techniques.
This method has previously been reported for a range of
alkaline earth tetrafluoro-terephthalate frameworks by ball-
milling the linker with the corresponding metal hydroxide.26:27

Commercial CaCOs and excess H,SQ were combined in a
Teflon-lined vessel along with several ZrO, balls. The reaction
was shaken for five minutes at 50Hz, to ensure a homogeneous

Fig. 1 A) PXRD comparison of synthesised Ca(SQ)(H,O) from various
precursors to a simulated pattern; B) Image of Ca(SQ)(H,0) crystals on the
surface of an eggshell; C) SEM image of Ca(SQ)(H,0) synthesised from CaCO3
(scale bar = 10 um); D) SEM image of Ca(SQ)(H,0) crystals on the surface of
an eggshell (scale bar = 100 pum).
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mixture prior to 50 uL of deionised water being added to the
vessel, and shaken at the same frequency for a further 20
minutes. PXRD of the resulting purple powder confirmed no
remaining CaCOs; was present in the product. After this, the
powder recovered by
centrifugation for three cycles. Our facile room temperature
synthesis of Ca(SQ)(H»0) in water demonstrates that if any
calcite remained in the ball-milled product post-synthesis then

was washed with water and

the water washing step could promote its transformation with
any unreacted H,SQ leading to MOF formation. It is therefore
important to characterise prior to washing to confirm that it is
in fact the ball-milling that forms Ca(SQ)(H20) rather than a
post-milling reaction which is indeed the case. SEM imaging (fig.
$12) that the MOF crystals synthesised
mechanochemically are much smaller and symmetrical than

demonstrates

those synthesised in water, with longest dimensions of up to
1 pm and 10 um by these two methods, respectively.

It was found difficult to mechanochemically transform
eggshells completely to the squarate MOF, with unreacted
calcite and linker still present in the product (fig. S13). Washing
this material with deionised water appeared to promote the
reaction of the remaining eggshells with the organic linker
consistent with this reaction occurring in water. While the
changes in the diffraction patterns support this assertion, it is
also likely that some of the squaric acid is simultaneously
washed from the sample.

N> gas adsorption experiments of Ca(SQ)(H,0) synthesised
from egg shells under aqueous conditions and via ball-milling
yielded BET surface areas of 348 and 292 m?/g respectively (fig.
S14), which is comparable to a reported CO, BET value of 224
m?/g.28

Calcium carbonate and fumaric acid were reacted under the
same milling condition with deionised water (20 pL). PXRD (fig.
2A) and TGA (fig. S16) confirmed the formation of the desired

Fig. 2. A) PXRD of Ca(FU)(H,0); synthesised via hydrothermal and ball-
milling techniques; B) SEM image of Ca(FU)(H,0)s synthesised via ball-milling.
Scale bar = 1 um; C) PXRD of Ca(BDC)(H,0)s synthesised via a reported bulk
synthesis as well as solvothermal and ball-milling techniques; D) SEM image
of Ca(BDC)(H,0); synthesised solvothermally from eggshells and PET. Scale
bar =1 pm.
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Ca(FU)(H20); phase. Again, replacing the calcium carbonate
with the same molar quantity of ball-milled eggshells the
fumarate MOF could also be formed under these conditions.
This is a step forward in the synthesis of Ca(FU)(H20)s which
typically involves large solvent quantities, prolonged heating or
long crystallisation times.2? We note that replacing fumaric acid
with its disodium salt in the mechanochemical synthesis failed
to form the MOF (fig. S17), confirming the importance of
reacting stable, carbonate-based metal precursors with acidic
organic linkers under ball-milling conditions.

Finally, for Ca(BDC)(H20)s we have investigated its synthesis
by employing a combination of sustainable and green
precursors, namely eggshells as the Ca(ll) source and PET for the
linker.

Ground eggshells and PET flakes from recycled PET plastic
bottles were initially combined in a Teflon-lined autoclave with
a water/ethylene glycol solvent mixture (10:1) and heated to
210 °C for 15 hours, yielding Ca(BDC)(H,0)s. PXRD and TGA
confirmed the presence of the framework and some unreacted
calcite in the product. Ball-milling the eggshells for a short
amount of time prior to MOF synthesis did however resolve this
issue by increasing the surface area of the sustainable metal
precursor. We believe that the non-porous nature of
Ca(BDC)(H20); means that MOF formation on the surface of
calcite crystals likely inhibits further MOF growth, as there is
limited opportunity for both further leaching of Ca(ll) or
impregnation of BDC? through the initially deposited dense
MOF layer. Increasing the surface area of the eggshells via
mechanical means is thus an essential step in cleanly forming
high yields of the MOF without unreacted calcite. PXRD (fig. 2C),
TGA (fig. S18) and SEM (fig. 2D) confirmed that the product
formed from ball-milled eggshells and PET under solvothermal
conditions was phase pure Ca(BDC)(H,0)s.

Our attempts to synthesise the MOF mechanochemically
directly from eggshells and intact PET proved unsuccessful,
most likely due to the slow rate of PET breakdown and difficulty
in reaching the high energy input necessary for effective
depolymerisation to BDC. Recent reports do however
demonstrate that aging the PET,3C in one case in the presence
of an enzyme,3! does allow for mechanochemical
depolymerisation. Thus a one-pot mechanochemical synthesis
of Ca(BDC)(H20)3 from waste materials has viability under the
correct conditions. We have however been successful in
synthesising Ca(BDC)(H20)s3 via ball-milling using eggshells as
the calcium source, and terephthalic acid that had been
previously reclaimed from the hydrolysis of PET plastic bottles.
PET bottles were pre-hydrolysed to H,BDC (denoted as
reclaimed H,BDC) via a method described by Ren et al.16 Full
characterisation including H nuclear magnetic resonance
(NMR) (fig. S21), FTIR (fig. S22), reverse phase ultra-high
performance liquid chromatography mass spectrometry (RP
UHPLC MS) (fig. S23) and PXRD (fig. S24) confirmed the
formation of H,BDC in good yield. This method also resulted in
the formation of X-ray quality crystals whose unit cell
parameters matched well to literature values (CCDC 2042484)
(table S2). Reclaimed H,BDC and calcium carbonate or eggshells
were combined with deionised water (40 uL) and shaken for 20
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minutes, cleanly producing Ca(BDC)(H20)s mechanochemically
as confirmed via PXRD (fig. 2C), TGA (fig. S18) and SEM (fig.
$19).

On occasion, we found that the mechanochemically
produced Ca(BDC)(H;0)s; undergoes a degree of reversible
dehydration to a porous phase as previously described by Mazaj
et al.,3? resulting in a mixture of MOFs. This typically occurs
during the drying step after washing the product to remove any
unreacted linker. Further heating of Ca(BDC)(H20)s can result in
full transformation to the dehydrated phase or, by simply
immersing the MOF powder in deionised water the hydrated
phase can be recovered (fig. S20).

To conclude, we have demonstrated the use of sustainable
precursors based on waste materials and recyclable plastic for
the synthesis of Ca-based MOFs under a range of experimental
conditions. Importantly, these precursors have been combined
with a solvent-minimised mechanochemical synthesis
ultimately leading to a highly sustainable preparation of
Ca(BDC)(H20)3 through the ball-milling of eggshells and linkers
reclaimed from PET bottles. As MOF research reaches a level of
maturity where the focus is shifting towards upscale and
industrial adoption, the combined use of sustainable synthesis
methods and green resources is likely to become much more
commonplace.
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