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Abstract

A promising approach towards the synthesis of metal-organic frameworks (MOFs) is the use of precursors that can be
extracted from waste materials found in landfills. In this work, we explore a combination of two waste materials for Al-
based MOF synthesis. Aluminium sulphate was successfully derived from Poly-Al pellets obtained from multi-layered
packaging materials. Terephthalic acid (BDC) was obtained from polyethylene terephthalate (PET) waste bottles. Both
precursors were employed as metal and organic linker sources, respectively to synthesise MIL-53(Al). The results are
compared with those of corresponding MOFs synthesised from commercial precursors and partly waste precursors. The
study revealed that the structural properties of MIL-53(Al) synthesised from the two waste materials are comparable to
those obtained when the MOF is synthesised using commercial sources of precursors or partly waste precursors. The
MOFs were highly crystalline and stable up to 500°C. An improvement was observed in the surface area of the MOF when
synthesised from complete waste (1588 m*/g) as opposed to partly waste (1323 and 1197 m*/g) and commercial precursors
(1468 m?*/g). Although hydrogen adsorption capacity of the synthesised MOF materials was low at low pressures (<0.5
wt% at 1 bar and 77 K), attributable to the narrow pore form of MIL-53(Al), this work demonstrates an approach to waste
management while producing high-value materials for various applications.
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1 Introduction

Metal-organic frameworks (MOFs) are crystalline adsor-
bent materials. They possess high surface area, which in
combination with their high porosity makes them favour-
able for applications in catalysis [1, 2], drug delivery [3,
4] and gas separation and storage [5—7], among others. The
combination of organic and inorganic units within MOFs
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allows for the incorporation of new functionalities and tun-
ability of pore sizes, distinguishing them from other classes
of porous materials [8, 9]. Although many MOFs structures
have been reported, the stability of MOFs under various con-
ditions still hinders their application [10]. Aluminium-based
MOF, MIL-53(Al) has been extensively studied as one of
the important MOFs owing to its good structural stability
towards moisture, an important requirement for adsorbents
used in industrial applications [11]. The structural stability
of the MOF is attributed to strong coordination between
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aluminium ions and terephthalic acid (1,4-benzenedicar-
boxylic acid; BDC) that is extensively used as a linker to
construct many MOFs [12]. Despite the ligand’s contribu-
tion to stabilization of the MOF, MIL-53(Al) is still a flex-
ible MOF that undergoes a breathing phenomenon. This
involves reversible transition of its pore size between a nar-
row pore (np) and large pore (Ip) conformation in response
to external stimuli such as pressure, temperature changes,
and guest molecule adsorption [13]. Upon synthesis, the
pores of MIL-53(Al) may be occupied by unreacted BDC
ligands, which can be irreversibly expelled by heat treat-
ment at temperatures above 270 °C, generating the Ip form
with empty pores. However, at room temperature, the pores
adsorb water and transition to a np configuration as a result
of hydrogen bonding interactions between water molecules
and the framework’s hydrophilic functional groups [14].
Similarly, studies on gas adsorption have displayed the flex-
ibility of the MOF where reversible transition of the pore
structure between the two configurations is induced at dif-
ferent temperatures and pressures [13, 15, 16].

The industrial production of MOFs is inhibited by many
factors including the high cost of chemical feedstock, high
energy consumption due to prolonged reaction times and the
extensive use of organic solvent during synthesis [17]. To
rectify this, the use of water as a green solvent or methods
that eliminate solvent usage and reduce synthesis time have
been investigated [18—20]. Waste valorisation has gained
attention as a strategy for reducing the high cost of precur-
sors needed for MOF synthesis [21, 22]. BDC has been
retrieved from polyethylene terephthalate (PET) bottles,
and utilised as an organic linker to synthesise MOFs like
MOFEF-5, MIL-53 and UiO-66 [12, 23, 24]. PET materials are
mass consumed and currently disposed of by dumping them
in landfills, which negatively affects the environment due
to poor biodegradability. Extracting terephthalic acid from
waste bottles will not only reduce environmental pollution
but will also lead to high-value PET-based materials pro-
duction at an energy demand that is approximately half that
needed for virgin resin [25].

Aluminium is a metal that is used extensively in the
manufacturing industry to produce aeroplanes, automobiles,
cables, beverage cans and foils, among others. To meet con-
sumer needs for aluminium, large quantities of bauxite must
be mined which generates a lot of waste. To alleviate the
burden on the environment, aluminium can be recycled [26].
Aluminium household products, including beverage cans
and foil, have been used as unconventional metal sources
to synthesise MIL-59 (Al) and MIL-53(Al) MOFs [27, 28].
Coal fly ash has also been used as an unconventional feed-
stock in the synthesis of Al-fumarate (Al-Fum), MIL-53(Al)
and their composites, which contributed in lowering the
costs for MOF synthesis [29, 30]. Multi-layered packaging
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materials for liquid food (Tetra Pak) contain a significant
amount of aluminium. These packaging materials are pro-
duced from laminating layers of stiff paperboard (75%),
aluminium foil (5%) and 20% low-density polyethylene
(LDPE) [31]. Owing to the complex structure of the pack-
aging materials, their recycling is a challenge. Successful
Tetra Pak recycling involves processing the entire material
as is and technologies that depend on hydropulping as the
initial step followed by separation of cellulose fibre from
Poly-Al laminate [32].

Al-Fum MOF has been synthesised from aluminium sul-
phate derived from Poly-Al pellets obtained from the hydro-
pulping of layered packaging materials [33]. Hence, this
study employed a holistic approach to synthesise flexible
MIL-53(Al) from the recycling of waste PET and Tetra Pak
packaging materials, promoting a circular economy. The
resulting MOF materials were compared to those synthe-
sised from commercial precursors and partly waste which
demonstrated a cost-effective way for MOF synthesis and
the potential of MIL-53(Al) as a promising material for H,
adsorption. To the best of our knowledge, there has been no
report of the synthesis of MIL-53(Al) utilising both waste
PET and Poly-Al from Tetra Pak packaging material as
ligand and metal sources, respectively.

2 Experimental
2.1 Chemicals

Acetone (CH,COCHj;, Radchem, 99.5%), aluminium sul-
phate octadecahydrate (Al,(SO,);-18H,0, Sigma-Aldrich,
97%), ethanol (CH,CH,OH, Radchem, 99.9%), terephthalic
acid (BDC, Sigma-Aldrich, 98%), ethylene glycol (HOCH-
,CH,OH, Sigma-Aldrich, 99%), methanol (CH;OH, Rad-
chem, 99.8%), (N, N-dimethylformamide (DMF, Radchem,
99%), sodium aluminate (NaAlO-, Sigma-Aldrich), anhy-
drous sodium hydroxide (NaOH, Sigma-Aldrich, 98%) and
sulphuric acid (H,SO,, Sigma-Aldrich, 98%) were used as
received. Deionised water was used to prepare solutions.
Poly-Al pellets were obtained from a local hydropulp-
ing company while PET water bottles were salvaged from
household waste and cleaned before use.

2.2 Terephthalic Acid Extraction

Waste PET bottles were depolymerized similarly to a previ-
ously reported method [34]. PET flakes (5 g) were placed
in a hydrothermal synthesis reactor (autoclave) with ethyl-
ene glycol (5 mL) and deionized water. The autoclave was
then heated to 210°C and held there for 8 h. The reactor
was cooled to ambient temperature. Centrifugation, two
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consecutive washes with ethanol and drying at 100 °C for
24 h were done to obtain the product.

2.3 Sodium Aluminate Extraction

Poly-Al pellets obtained from the hydropulping of multi-
layered packaging materials were mixed thoroughly with
NaOH powder in 2:1 ratio of Poly-Al: NaOH. Transferring
of the mixture into a crucible and heating it up to 550°C in
a muffle furnace was conducted. The furnace was held at a
constant temperature for 1.5 h to obtain sodium aluminate
(Na-Al) powder.

2.4 Conversion of Sodium Aluminate to Aluminium
Hydroxide

Na-Al (5 g) was dissolved in deionized water while stir-
ring. Ethanol (95% v/v) was slowly added while keeping the
solution at room temperature and continuously stirred for
24 h. Suction filtration was employed to isolate the residue,
which was purified with deionized water and vacuum dried
at 60 °C overnight.

2.5 Aluminium Sulphate Synthesis

Aluminium hydroxide (5 g) was dissolved in 8 M sulphuric
acid solution. The solution was refluxed for 2 h under con-
tinuous stirring. The resulting mixture was precipitated at
room temperature. Then, the precipitate was washed with
equivalent amounts of ethanol and acetone then vacuum
dried at 60 °C.

2.6 MIL-53(Al) Synthesis

A hydrothermal method previously reported [35] with
minor modifications was followed in MIL-53(Al) synthesis.
A 0.5:1 ligand-to-metal ratio of BDC: Al was mixed ultra-
sonically in 50 mL deionized water. In the synthesis of MIL-
53(Al) from commercial precursors, a precipitate began to
form immediately. The reaction mixture was loaded into a
Teflon-lined steel autoclave and heated at 150°C for 24 h
under autogenous pressure. The sediment was collected by
centrifugation using a Thermo Scientific Labofuge 700 cen-
trifuge. Thereafter, the product was refluxed in DMF for 24
h, followed by solvent exchange with methanol for 24 h.
The product was then soaked in fresh methanol for a further
12 h, re-collected and dried overnight under vacuum at 60 °C.

2.7 Characterisation

Powder X-ray diffraction (PXRD) patterns of synthesised
MIL-53(Al) powders and precursors were collected within

a 3-70° range using a Bruker D2 Phaser benchtop dif-
fractometer using Cu Ka radiation (A=1.5405 A) at 2° 5!
scanning rate. FTIR spectra were obtained using a Brunker
Alpha Fourier transform infrared (FTIR) spectrometer
with platinum attenuated total reflectance (ATR) sampling
accessory. A Zeiss 540 Ultra Field Emission Gun Scanning
Electron microscopy (FEGSEM) was used to analyse the
surface morphology of MIL-53(Al) samples where the sam-
ples were sprinkled on carbon tape and coated with carbon
prior to analysis. The thermal stabilities of the MOFs were
measured with a SDT Q600 V20.9 Build thermogravimet-
ric analyser. A sample of a specified mass between 5 and
10 mg was heated to 800° at 20 °C.min"!, under nitrogen
gas flow of 20 mL.min !, Brunauer-Emmett-Teller (BET)
surface areas and porosity of the materials were determined
from nitrogen (N,) sorption measurements at 77 K using a
Micromeritics 3Flex high performance gas sorption analy-
ser. The Non-Linear Density Functional Theory (NLDFT)
was employed for calculation of pore size distribution. The
Micromeritics 3Flex gas sorption analyser was also used for
hydrogen (H,) uptake measurements at 77 K and pressures
up to 1 bar. All samples were degassed under vacuum at
120 °C preceding analysis.

3 Results and Discussion
3.1 Precursor Extraction

PET was hydrolysed into BDC by breaking down the ester
bond in the PET [36]. Phase purity and crystallinity of the
extracted BDC was confirmed by agreement between the
XRD patterns of the commercial BDC and that derived from
PET BDC (Fig. 1a). The O-H,C=0,C=C, C =H and
C—H stretching bands at 2812, 1668, 1505, 1423 and 1278
cm !, respectively that were observed in the FTIR spectra
(Fig. 1b), also confirmed the successful depolymerization
of PET to obtain BDC. Admixing of Poly-Al pellets with
NaOH at elevated temperatures resulted in the production of
Na—Al. The diffraction pattern exhibited peaks like those of
commercial Na-Al (Fig. 1c). Although a decrease in inten-
sity was observed in the Poly-derived Na—Al XRD pattern,
no additional peaks were present indicating phase purity.
Therefore, Poly-Al derived Na—Al was deemed appropriate
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Fig. 1 a XRD patterns of BDC, b FTIR spectra of BDC, ¢ XRD patterns of Na—Al and d FTIR spectra of Na—Al

to be converted to other Al products without further purifi-
cation. The FTIR spectra (Fig. 1d) of Na—Al show a broad
O-H stretch attributed to bound water thus indicating the
formation of the hydrated form of Na—Al.

Water was added to Poly-Al derived Na—Al to transform
it to Poly-Al derived aluminium hydroxide, AI(OH),. Fig-
ure 2a shows the XRD pattern of AI(OH);. Both XRD pat-
terns resemble a mixture of the bayerite (a-Al(OH);) and
gibbsite (y-Al(OH);) polymorphs of AI(OH);. The enhanced
peak intensities at 47.6° and 62.8° 26 for Poly-Al derived
Al(OH); reveals dominance of the bayerite form [37, 38].
SEM was also used to identify AI(OH); and Fig. 2b displays
nanorods that self-assembled into fibre clusters as expected
[39]. Shorter nanorods were observed for Poly-Al derived
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Al(OH);. The small difference observed in the morphology
could be due to the dominance of the a-Al(OH); in the poly-
Al derived sample. AI(OH), has been used previously for
the preparation of MIL-53(Al), however, it was not the best
candidate for industrial applications due to its insolubility
in water [40].

Poly-Alderived aluminium sulphate hydrate was obtained
from Poly-Al derived AI(OH), and compared with the com-
mercial standard. The XRD pattern (Fig. 2c) confirms the
successful conversion of Poly-Al derived AI(OH); to a
hydrated aluminium sulphate, Al,(SO,); salt of high crys-
tallinity. A peak was observed at 20 < 10° for both Al,(SO,),
samples, however, the peak intensity was very prominent for
the commercial Al,(SO,); with formula (AL,(SO,);-18H,0.
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Fig. 2 a XRD patterns of AI(OH);, b SEM images of (i) commercial and (ii) Poly-Al derived AI(OH);, ¢ XRD patterns of Al,(SO,); and d TG

(solid lines) and DTG (dotted lines) curves of AL,(SO,);

The low intensity of this peak and the slight shift of the
peaks to the right for the Poly-Al derived Al,(SO,); can be
attributed to the formation of Al,(SO,);.14H,0 similar to
what was reported by Cao et al. [41]. Furthermore, the pres-
ence of a large number of water molecules in a compound
will expand lattice spacings and induce diffraction at low
20 angles analogous to what is seen in hydrated clays [42].

Thermogravimetric analysis (TGA) was employed in
studying the decomposition profile of poly-derived alu-
minium sulphate hydrate and it revealed that it decomposes
in four steps. Thermogram of Poly-Al derived Al,(SO,); in
Fig. 2d shows a 32% weight loss between 34 and 174°C,
corresponding to the DTG peak at 87 and 137 °C. This can
be ascribed to the loss of free water present on the surface
of Al,(SO,);. The second dehydration step was observed as
the temperature increased between 204 and 239 °C, showing
a 10% weight loss due to the loss of interlayer chemisorbed
water between Al,(SO,); molecules, corresponding to the
DTG peak at 216 °C. The loss of SO; molecules leaves

behind a residue of Al,O5 [43]. Based on a method reported
by Léazaro [44], the % mass at a degradation step and %
mass in residue were calculated and used to determine the
theoretical mass loss between 600 and 950 °C. The calcu-
lated values were 40.4 and 36.0% for Al,(SO,); 14H,0
and Al,(SO,); 18H,0, respectively. From the TGA plots,
the observed mass losses were 30.2 and 36.2% for Poly-Al
derived Al,(SO,); and commercial Al,(SO,);, respectively.
The difference in the observed and expected mass loss for
Poly-Al derived suggest the possibility of impurities though
not evident from the XRD pattern (Fig. 2c¢).

3.2 Structural Properties of MIL-53(Al)

The Al-terephthalate MOF, MIL-53(Al) was successfully
synthesised holistically from precursors extracted from
waste materials. The XRD pattern of MIL-53(Al) pre-
pared from waste precursors was compared to those of
MIL-53(Al) powders prepared entirely from commercial
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precursors or one waste derived precursor. Figure 3a shows
that regardless of the precursor source, MIL-53(Al) exists
in the np form which is expected when water is used in the
synthesis of MIL-53(Al) without activating the MOF with
heat at high temperatures [45, 46]. The patterns exhibit nar-
row, sharp peaks indicating high crystallinity as opposed to
broad peaks that have been observed when DMF was used
for synthesis, confirming that the solvent has an effect on the
crystallinity of the frameworks as previously reported [47].
MIL-53(Al) was successfully synthesised in all cases with
differences in peak intensities. However, for commercially
derived MIL-53(Al) relatively broader peaks were observed
suggesting a more nanocrystalline MOF. A diffraction peak
was seen for all MOF samples at 12.3° 20, except for the
PET derived sample. An additional peak at 24.6° 28 can be
seen in the diffraction pattern of commercially derived MIL-
53(Al). These are not unexpected peaks as they have been
reported and the absence or presence of these two peaks is
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Fig.3 a XRD patterns, b FTIR spectra and ¢ TG curves of MIL-53(Al)
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influenced by the aluminium source used for MIL-53(Al)
synthesis [45, 48, 49]. The two characteristic FTIR bands at
1592 and 1413 cm ™" are a result of C = O and C—O stretches,
respectively (Fig. 3b). The absence of a broad O-H band
between 2500 and 3500 cm ™! and the presence of an Al-O
stretching vibration at 758 cm™! on the FTIR spectra of all
the MIL-53(Al) samples confirm successful coordination of
the organic linker to the metal ion to form the frameworks
[50]. These results reveal that MIL-53(Al) can indeed be
synthesised wholly from Poly-Al and waste PET precursors.

Thermogravimetric analysis of the synthesised MIL-
53(Al) samples shows a weight loss at temperatures up to
100 °C (Fig. 3c) due to loss of moisture within the pores of
the MOFs [51]. The as-synthesised MOFs were refluxed in
DMF to eliminate unreacted ligand from the pores of the
frameworks. Although DMF was exchanged with metha-
nol in the final washing steps the thermograms of the com-
mercially derived and complete waste MIL-53(Al) exhibit

(b)
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another weight loss between 100 and 260 °C which can be
ascribed to loss of DMF molecules that were trapped in
the pores of the frameworks. DMF molecules interact with
hydroxyl groups of the inorganic network via hydrogen
bonding [47, 52]. The MIL-53(Al) samples are stable up to
500 °C after which a rapid increase in weight loss occurs
as the MOF structures collapsed due to the disintegration
of coordinated terephthalic acid at high temperatures [52].
According to Loiseau et al. [14] the synthesised MOF
structure belongs to MIL-53(Al) np, which is hydrated form
of MIL-53(Al), Al(OH)[O,C-C¢H,~CO,].H,0. Following
a similar method reported by Lazaro [44], the theoretical
mass loss between 450 and 800 °C for MIL-53(Al), AI(OH)
[0,C-C4H,~CO,].H,0 is 46.1%. The observed mass losses
for commercially derived, PET-derived, Poly-Al derived,
and complete waste MIL-53(Al) were 51.6, 65.4, 59.7 and
48.4%, respectively. The higher values observed compared
to the theoretical value might be due to impurities from the
precursors, which could not be observed in the XRD pat-
terns (Fig. 3a) or SEM images (Fig. 4). Several factors can
also influence mass loss such as the presence of defects, spe-
cific framework stability, solvent used for synthesis, chosen

Fig.4 SEM images of (a) Com-
mercially derived, (b) PET derived,
(¢) Poly-Al derived and (d) Com-
plete waste derived MIL-53(Al)

heating rate and conditions used during the TGA experiment
[53, 54].

The morphology of the MIL-53(Al) samples was investi-
gated and SEM images (Fig. 4) revealed that the difference
in precursor sources influences the morphology of the sam-
ples, which supports the observation from XRD patterns.
As shown in Fig. 4a, relatively small uniformly distributed
crystals of MOFs were formed for commercially derived
MIL-53(Al). The immediate precipitation during the syn-
thesis results in nanocrystalline MOF formation [55]. The
PET-derived precursor led to elongated morphology (Fig.
4b). The influence of PET-derived BDC may not be evident
in the diffraction pattern of MIL-53(Al), however, the pres-
ence of residual by-products from PET depolymerization
can affect crystal growth like in PET derived UiO-66 [56].
Poly-Al derived precursor resulted in an aggregation (Fig.
4c) while complete waste derived MIL-53(Al) had large
voids with elongated and agglomerated crystals (Fig. 4d)
due to the synergy of both waste derived precursors.
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Fig. 5 a N, sorption isotherms (solid symbols for adsorption and empty symbols for desorption, b BET and Rouquerol plot ¢ NLDFT pore size
distribution curves and d H, adsorption isotherms at 77 K for MIL-53(Al)

3.3 Porosity and H, Uptake

N, adsorption measurements were performed on the synthe-
sised MOFs, and the curves exhibit a type I isotherm, which
is characteristic of microporous materials [11] (Fig. 5a). In
this regard, there was a sharp increase in N, uptake at rela-
tive pressures below 0.05 (i.e. p/py < 0.05) and no hysteresis
loops were observed. BET surface area of the synthesised
MIL-53(Al) samples were probed using BET analysis. The
standard BET surface area measurement within a relative
pressure range of 0.05-0.3 is better suited for materials con-
taining mesopores [57]. For the synthesised samples, with
dominant micropores, the BET relative pressure range is too
broad and surpasses linearity of the BET plot. Therefore,
BET linear range was corrected following Rouquerol crite-
ria [57, 58] to determine the valid relative pressure range for
specific BET surface area calculation for the microporous
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Table 1 BET surface areas (SAggr), pore volumes (V) and diam-
eters of MIL-53(Al)

Sample SAget Vore (cm’/g) Average
(m?*/g) pore

diameter
(nm)
Al Com+Com BDC 1468 0.57 1.00
Al Com+PET BDC 1323 0.53 1.09
Poly-Al+Com BDC 1197 0.51 1.09
Poly-Al+PET BDC 1588 0.66 1.00

samples (Fig. 5b inset). Accordingly, Fig. 5b was plotted
with a relative pressure range of 0.000321-0.0245 and posi-
tive C value used for the BET calculation. The obtained sur-
face areas ranged from 1197 to 1588 m?/g (Table 1). These
surface areas are within the range of values reported in liter-
ature for MIL-53(Al) [35, 59]. It is notable that MIL-53(Al)
derived from complete waste had the largest BET surface
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area (1588 m?%/g) and pore volume (0.66 cm’/g) reveal-
ing that the two waste materials had a synergistic effect
in improving the surface area of MIL-53(Al) compared to
MIL-53(Al) synthesised from commercial or partly waste
precursors. The observed mass loss between 450 and 800 °C
in the TGA (Fig. 3c) of complete waste MIL-53(Al) is the
closest to the expected value, which corresponds to the
highest surface area recorded. Furthermore, commercially
derived MIL-53(Al) had the second lowest observed mass
loss, which is in line with the second highest surface area.
Therefore, in general, this indicates the impact impurities
may have on the surface area of MOFs [23]. The surface
area for each sample also correlates with the morphology,
with the complete waste derived sample having a more open
structure to allow for more gas sorption compared to a high
aggregation exhibited by Poly-Al MIL-53(Al) (Fig. 4c)
which reduces the surface area of the MOF [60]. Commer-
cially derived MIL-53(Al) has small crystals and intercrys-
talline voids which enhances diffusion of gas molecules [61]
contributing to a higher surface area observed compared to
MIL-53(Al) derived from partly waste precursors.

Pore sizes below 2 nm were obtained, which further
confirmed microporosity of the materials (Fig. 5c; Table
1) [62—64]. Low pressure H, uptake measurements were
conducted at 77 K and the results are presented in Fig. 5d.
The H, uptake values were in the range of 0.22 to 0.39 wt%
and did not reach saturation at 1 bar. The hydrogen uptake
capacities obtained at the experimental conditions of 1 bar
and 77 K, are in line with the results obtained by Kim et al.
under the same conditions [13]. H, uptake did not follow
the same trend as the BET surface area. The commercially
derived MIL-53(Al) shows the lowest H, uptake. Besides
surface area, hydrogen uptake is influenced by other factors
such as pore geometry, microporosity (intra- and intercrys-
talline pore) and pore flexibility for breathing MOFs which
creates differences in H, uptake in as-synthesised samples
[65-68]. Kim et al. showed that an increase in pressure
induced the breathing effect of MIL-53(Al) changing its
pore conformation from np to Ip phase [13]. An increase
in H, adsorption for the Ip form at 77 K was reported from
3 bar with up to 4 wt% H, uptake at higher pressures [13].
This provides evidence that higher hydrogen adsorption
capacities can be obtained using the synthesised materials
with exposure to suitable temperature and pressure, owing
to the structural flexibility of MIL-53(Al). Accordingly, one
possible reason for the low uptake of H, for the commer-
cially derived sample might also be its different breathing
effect under the specified temperature and pressure condi-
tions. This could arise from the structure and morphology of
the commercially derived sample as shown in Figs. 3a and
4c, respectively in comparison to the other samples, which
closely resemble each other.

4 Conclusion

This work demonstrates the successful conversion of waste
PET bottles and Poly-Al to an Al-based MOF i.e. MIL-
53(Al). The purity of the extracted BDC ligand from BET
bottles was confirmed using XRD and FTIR. In addition to
these techniques, SEM and TGA were used to confirm the
successful extraction of Na-Al from Poly-Al pellets that
was converted to AI(OH), with dominant bayerite phase.
The obtained Al(OH); was then converted to Al,(SO,);.
The properties of Poly-Al derived Al,(SO,); corresponded
to their commercial counterparts although reduced ther-
mal stability and purity were observed for Poly-Al derived
AL(SO,);. MIL-53(Al) was successfully synthesised using
water as a green solvent. The use of alternative feedstock
did not compromise the crystallinity of MIL-53(Al). The
observed mass losses between 450 and 800 °C for the syn-
thesised MIL-53(Al) from TGA are higher than the expected
value due to impurities from the precursors, which could not
be observed in the XRD patterns or SEM images. The mate-
rials displayed high surface areas, and type I N, isotherms
with no hysteresis loops were observed in accordance with
results attained in literature. There was a correlation between
surface area and morphology. The morphology exhibited
by the complete waste derived MOF allowed for more N,
gas adsorption as confirmed by the pore volume. The syn-
thesised MIL-53(Al) adsorbed small amounts of hydrogen
at 77 K and 1 bar due to their np structure. Future studies
will involve exposing the materials to hydrogen at pressures
up to 100 bar to enhance H, uptake by taking advantage of
the breathing nature of the materials. This waste valorisa-
tion approach may be explored to synthesise other Poly-Al
derived MOFs.
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