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A B S T R A C T

Herein, we report the first example of MOF synthesis employing aluminum slags as a waste 
resource. This synthesis was exclusively carried out from waste materials, under ambient con
ditions in water, thus aligning with the guiding principles of Green Chemistry. The resulting MIL- 
53(Al) material was further functionalized with SnO2 nanoparticles and tested as catalyst for the 
dehydration of glucose to 5-hydroxymethylfurfural (5-HMF), showing a tenfold increase in cat
alytic efficiency compared to unsupported SnO2.

1. Introduction

Metal-organic frameworks (MOFs) have emerged as a relevant class of crystalline materials, characterized by their high porosity 
and exceptional tunable degree for both organic and inorganic structural components. These features make MOFs fascinating materials 
for several applications in a variety of fields, such as gas storage, catalysis, biomedical imaging, etc (Zhou et al., 2012). Among the 
various categories of MOFs, MIL-53(Al) stands out as one of the most well-known materials due to its unique properties. MIL-53(Al) 
exhibits excellent chemical and thermal stability and presents a “breathing” behavior during adsorption processes (Férey et al., 2003). 
Despite its numerous attractive properties, traditional MIL-53 synthesis based on solvothermal methods requires high energy con
sumption, which is a significant drawback. Consequently, in the last few years, efforts have been made to develop new preparation 
methods under environmentally and economically favorable conditions or using different low-cost precursors. In this regard, 
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Sánchez-Sánchez et al. successfully synthesized prominent MOFs, like MIL-53(Al), MOF-74, and IRMOF-1, at room temperature from 
commercially available precursors using water as solvent (Sánchez-Sánchez et al., 2015). In addition, utilizing waste resources can 
significantly reduce production costs. In this sense, different authors have recently reported the use of waste materials for MOFs 
synthesis. For example, polyethylene terephthalate (PET) bottles have been used as a source of the terephthalic acid (H2BDC) linker to 
synthesize several MOFs (Manju et al., 2013; Deleu et al., 2016), and various research groups have investigated the feasibility of metal 
recovery for high-value-added MOFs synthesis (Zhan et al., 2018; Kabtamu et al., 2020). Moreover, up to date, only a few articles have 
reported the simultaneous use of both types of solid wastes (i.e., linker and metals) as reagent sources (Zhang et al., 2020; Crickmore 
et al., 2021). Specifically, MIL-53(Al) material has been synthesized from PET bottles and different waste metal materials, such as 
aluminum beverage cans (Farajmand et al., 2020), aluminum foil (Panda et al., 2020) or Li-ion batteries (Lagae-Capelle et al., 2020). In 
these MIL-53(Al) synthesis approaches, dimethylformamide (DMF) was chosen as solvent and employed moderate or high reaction 
temperature conditions. Therefore, to fully fulfill the requirements of a circular economy approach, it is essential to develop a complete 
synthesis process based on waste sources for both the metal centers and the organic linker, search for a greener solvent and decrease 
the reaction temperature conditions.

On the other hand, one of the most dangerous and abundant metal waste products is salt cake, also known as saline slag, a by- 
product resulting from the aluminum recycling process. In Europe, it is classified as a hazardous waste because of its high toxicity 
and harmful effects on both the environment and living organism (Panda et al., 2020). The valorization of this waste can be 
accomplished after being subjected to physicochemical processes that recover a fraction of its aluminum content (Jiménez et al., 
2022). In this context, numerous studies have explored the use of salt cake as an aluminum source for preparing high-value-added 
materials, like alumina (Das et al., 2007), zeolites (Yoldi et al., 2019), and layered double hydroxides (LDHs) (Santamaría et al., 
2020). To the best of our knowledge, this novel environmentally friendly pathway has not yet been reported for the preparation of 
aluminum-based MOFs.

In the current work, we report for the very first time the successful and sustainable synthesis of MIL-53(Al) by exclusively using 
waste resources, specifically bottle-derived PET and aluminum slag, as MOF precursors through a simple pathway at room temperature 
in water, thus aligning with the Green Chemistry principles. The resulting MOF, designated as MIL-53-W, exhibited physical and 
chemical properties closely matching those of MIL-53(Al) prepared from commercial chemical reagents, denoted as MIL-53-C. 
Furthermore, we also evaluated the performance of the MIL-53-W system in key MOFs applications, particularly as a support for 
active nanoparticles typically used in heterogeneous catalysis.

2. Experimental

2.1. Chemicals

Saline slags were kindly supplied by IDALSA (Ibérica de Aleaciones Ligeras S.L., Spain). Terephthalic acid or 1,3-benzenedicarbox
ylic acid (H2BDC, 99 %) and tin(IV) chloride pentahydrate (SnCl4⋅5H2O, 98 %) were purchased from Merck. Aluminum nitrate 
nonahydrate (Al(NO3)3⋅9H2O, 98 %), ethylene glycol, and glucose were purchased from Scharlab. All reagents and solvents were used 
as received without any previous purification.

2.2. Materials preparation

2.2.1. Preparation of MIL-53-C
MIL-53-C was prepared by following the methodology previously reported elsewhere (Sánchez-Sánchez et al., 2015). Typically, 6.6 

g (40 mmol) of H2BDC was dissolved in 58 mL of water containing 3.2 g (80 mmol) of NaOH. This solution was added dropwise into 
another clear solution formed by dissolving 30 g (80 mmol) of Al(NO3)3⋅9H2O salt under mechanical stirring. The mixture was 
maintained under stirring at room temperature for one week. The obtained white precipitate was washed with distilled water 
repeatedly and dried at 50 ◦C overnight. Yield = 82 %.

2.2.2. Preparation of MIL-53-W
Following the same methodology as for the synthesis of MIL-53-C, 8.5 mmol of H2BDC extracted from PET by simple basic hy

drolysis (Singh et al., 2018) (see Supporting Information) were dissolved in an aqueous solution (6 mL) containing 19 mmol of NaOH. 
This solution was added dropwise over 25 mL of the aluminum extraction solution (see Supporting Information). The content of 
aluminum was determined by inductively coupled plasma-optical emission spectroscopy, ICP-OES (9.3 g/L). Yield = 78 %.

2.2.3. Preparation of MIL-53@SnO2 composites
The MIL-53@SnO2 composites were synthesized with two different SnO2 NPs loadings (10 wt% and 20 wt%, referred to as MIL- 

53@SnO2-10 and MIL-53@SnO2-20, respectively), by the bottle-around-ship methodology. An aqueous solution of Na2BDC (8.5 mmol 
of H2BDC and 19 mmol of NaOH) was prepared separately and added dropwise to 25 mL of the acidic slag aluminum solution, in which 
100 mg or 200 mg of SnO2 nanoparticles have been previously dispersed using ultrasonication, giving rise to MIL-53@SnO2-10 and 
MIL-53@SnO2-20, respectively (see Supporting Information for the preparation of SnO2 nanoparticles). ICP-OES (Al: 4.4 ppm, Sn: 2.9 
ppm; Al: 4.8 ppm, Sn: 6.7 ppm, respectively). Yield = 73 % and 66 %, respectively.
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2.3. Characterization techniques

Thermogravimetric analyses (TGA) were performed on a SDT Q600 equipment, using a reactive air atmosphere and at a heating 
rate of 10 K/min up to 1073 K. Powder X-ray diffraction (PXRD) patterns were registered on a Bruker D8 Advance Eco diffractometer. 
N2 adsorption isotherms were measured at 77 K on a Micromeritics 3Flex advanced gas adsorption instrument. Pore size distributions 
were obtained from the adsorption branch of the isotherms using the DFT (Density Functional Theory) method. Prior to starting the 
measurements, powder samples were heated overnight at 423 K and outgassed to 10− 1 Pa. Fourier Transform Infrared (FT-IR) spectra 
were acquired with a Pike single-reflection ATR diamond/ZnSe accessory in a JASCO FT/IR-4700 spectrophotometer. Approximately 
1 mg of samples were used to perform the analyses. Raman spectroscopy measurements were performed at room temperature using a 
LabRAM HR Evolution micro-Raman spectrometer (Horiba Jobin Yvon), equipped with a solid-state laser operating at a wavelength of 
785 nm and a 100 × objective lens, yielding a laser spot size of approximately 1 μm2. A JEOL F200 TEM ColdFEG operated at 200 kV 
was used for the transmission electron microscopy characterization (TEM). STEM images were recorded from the JEOL bright-field 
(BF) and high-angle annular dark-field (HAADF) detectors with a camera length of 150 mm. The samples were prepared by 
dispersing the as-prepared catalysts in ethanol and then drop casting the suspension on a standard 3 mm holey copper grid and letting 
the ethanol evaporate at room temperature. STEM-EDS mapping was recorded from an EDS Centurio detector (silicon drift) with an 
effective area of 100 mm2 and 133 eV of energy resolution. Scanning electron microscopy (SEM) images were collected with an 
Electron Beam Lithography eLINE-PLUS de Raith GmbH with a resolution of 1 nm. The samples were previously coated with Cr. 
Inductively coupled plasma-optical emission spectroscopy analyses were performed in a PERKIN-ELMER OPTIMA 8300 spectrometer.

2.4. Catalytic tests

The conversion of glucose to 5-hydroxymethylfurfural (5-HMF) was carried out following the procedures reported by 
Jiménez-Morales et al., 2014, 2015. In these studies, the authors demonstrated that biphasic systems such as methyl isobutyl ketone 
(MIBK)/water improve the overall efficiency of HMF extraction by facilitating the partitioning of HMF into the organic phase. Briefly, 
the catalytic reaction was performed in an Ace pressure tube of 10 mL provided with a screw top of Teflon, at 453 K and 100 min of 
reaction time. Zero time was recorded when the temperature reached 453 K; the stirring rate was 400 rpm. The reaction was carried 
out with 30 mg of catalyst, 85 mg of glucose in 0.78 mL of H2O and 2.1 mL of MIBK. The liquid phases were separated and filtered by 

Fig. 1. a) PXRD patterns of MIL-53-W and MIL-53-C; b) N2 adsorption isotherms at 77 K of MIL-53-W and MIL-53-C; c) CO2 adsorption isotherms at 
298 K of MIL-53-W and MIL-53-C.
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0.45 μm nylon filter membrane. Glucose and fructose products were separated by an Agilent 1200 high performance liquid chro
matography (HPLC) system equipped with a quaternary pump, autosampler, refractive index detector, and a Rezek ROA column oven. 
The mobile phase was 0.01 M H2SO4 with a flow rate of 0.6 mL min− 1. The 5-HMF was analyzed in both organic and aqueous phases, 
and it was determined using an Agilent 7890A gas chromatography equipment coupled to an MS220 ion trap mass spectrometer. 
Glucose conversion, HMF selectivity and yield were calculated according to the following equations: 

Glucose conversion(mol%)=
(mol of starting glucose − mol of remaining glucose) x 100

mol of starting glucose 

5 − HMF selectivity (mol%) =
Moles of produced 5 − HMF x 100

Moles of glucose reacted 

5 − HMF yield (%) =
Conversion x Selectivity

100 

3. Results and discussion

Different characterization techniques confirmed the success of this green synthesis approach. The powder X-ray diffraction (PXRD) 
pattern of MIL-53-W matches well with that of MIL-53-C, with the most prominent characteristic reflection peaks consistently 
appearing at the corresponding diffraction angles (Fig. 1a). The main diffraction peaks at 9◦ and 10.5◦ are assigned to (101) and (200) 
crystallographic planes, respectively (Jin et al., 2022; Xiao et al., 2019; Loiseau et al., 2004). Thermogravimetric analysis (TGA) results 
demonstrate that both MIL-53 materials exhibit similar thermal stability, starting to decompose above ca. 790 K, with the observed 
mass loss corresponding to the combustion of the organic linker (Fig. S3). It is noteworthy that both MOFs exhibit a lower mass loss 
attributable to H2BDC (14 wt%) as compared to the value of 30 wt% reported for conventional MIL-53 materials synthesized by the 
solvothermal methodology (Loiseau et al., 2004). However, the mass loss found for both MIL-53 materials presented here is in good 
agreement with previous studies where MIL-53 was also prepared at room temperature (Sánchez-Sánchez et al., 2015). Chemical 
functional groups of both materials were examined by Fourier-transform infrared (FT-IR) and Raman (FT-Raman) spectroscopy. Fig. S4
shows the FT-IR spectra of the MIL-53-W and MIL-53-C samples, where the significant bands are typically turned up at similar 
wavenumbers. Thus, the absorption band centered at 1416 cm− 1 with a shoulder at 1440 cm− 1 is ascribed to carboxylate (COO− ) 
symmetric stretching vibrations, while the band appearing at 1608 cm− 1 is attributed to the asymmetric stretching mode. The bands at 
738 cm− 1 and 1510 cm− 1 correspond to the vibrations of the phenyl ring in the organic linker. An additional band located at 1701 
cm− 1 is attributed to the carboxylic (-COOH) group, due to the presence of free terephthalic acid in the porous structure of the solids 
(Mounfield and Walton, 2015). In addition, Fig. S5 shows the TF-Raman spectra of both samples, whose profiles are fairly similar. The 
most prominent vibrational spectra appear in the wavenumber range of 1590–1630 cm− 1 and are attributed to the asymmetric 
stretching vibration modes of the COO− groups from the organic linkers coordinated to the framework. The corresponding symmetric 
stretching vibration modes are observed in the frequency range of 1460–1490 cm− 1. The vibrational band observed between 860 and 
890 cm− 1 is assigned to the bending vibrations of the aromatic ring and a vibrational mode appearing in the range of 1140–1150 cm− 1 

is associated with the stretching of the carboxylate group and the aromatic ring (Rehman et al., 2024). This indicates that both 
as-synthesized MOF materials present related structures. In order to examine the permanent porosity of both MIL-53 materials, N2 
physical sorption experiments at 77 K were conducted, and the corresponding isotherms are presented in Fig. 1b. Both MOFs exhibit 
BET surface areas above 1000 m2/g, consistent with the values found in the literature (Sánchez-Sánchez et al., 2015; Loiseau et al., 
2004), as well as similar narrow pore size distributions (Fig. S7), with a maximum at 1 nm and 1.1 nm, for MIL-53-W and MIL-53-C, 
respectively, which corresponds well with the MIL-53(Al) structure, which presents a channel diameter of about 10 Å (Li et al., 2023; 
Vanduyfhuys et al., 2012). Besides, the morphology of both samples is indistinguishable, as seen by TEM analysis (Fig. S6). In sum
mary, this set of characterization studies performed on MIL-53-C and MIL-53-W revealed their structural similarity, thereby confirming 
that pure MIL-53 can be successfully synthesized from aluminum slag and PET bottles at room temperature. Furthermore, CO2 sorption 
isotherms at 298 K have also been registered for the MIL-53-W and MIL-53-C systems, since MIL-53(Al) has been widely studied as an 
adsorbent for CO2 gas separation due to its strong interactions with this molecule (Heymans et al., 2012; Finsy et al., 2009; Bourrelly 
et al., 2005). As shown in Fig. 1c, the CO2 uptake at 298 K is 49.9 cm3/g for MIL-53-W and 59.9 cm3/g for MIL-53-C, both being well in 
agreement with the reported value of 56.5 cm3/g (Rallapalli et al., 2011), which suggests a comparable CO2 interaction and adsorption 
capacity for both materials.

MOFs are excellent candidates as supports for nanoparticles (NPs) due to their stable and permanent porous structure. In recent 
years, numerous researchers have explored the incorporation of NPs into different MOFs. In this connection, using these porous 
materials as an encapsulating matrix offers significant advantages over conventional supported catalysts, particularly in terms of 
stability and catalytic selectivity (Yu et al., 2017; Li et al., 2018; Rivera-Torrente et al., 2018). As a proof of concept, the as-synthesized 
MIL-53-W material was employed as catalyst support for SnO2 NPs, and the resulting hybrid material was tested in the 5-HMF pro
duction from glucose. Biomass-derived glucose is a key feedstock for producing green platform chemicals (Herbst and Janiak, 2016; An 
et al., 2021). Among these, 5-HMF stands out as a crucial intermediate for the synthesis of a wide variety of high value-added 
compounds, including, for instance, 2,5-furandicarboxylic acid (FDCA) (Zhang et al., 2023) and 2,5-bis(hydroxymethyl)furan 
(BHMF) (Vikanova et al., 2021). These molecules find applications in the development of sustainable polymers and functional ma
terials, offering viable alternatives to conventional petrochemical-based monomers. The 5-HMF production from glucose involves a 
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two-step catalytic process: (i) isomerization of glucose to fructose mediated by a Lewis acid or base, and (ii) dehydration of fructose to 
5-HMF by a Brønsted acid (Jiménez-Morales et al., 2014). The SnO2 surface presents adsorbed water molecules that, upon dissociation, 
lead to hydroxyl (-OH) groups of acidic or basic nature depending on their coordination environment. It also displays uncoordinated 
tin and oxygen atoms, as well as defective sites (both metal and oxygen) that can act as protonated or aprotic acidic or basic sites (Deka 
et al., 2020). Therefore, SnO2 is an excellent candidate as catalyst for 5-HMF production. In this sense, different forms of SnO2 (NPs, 
amorphous oxide, mixture of oxides, etc.) have been studied as catalysts in the conversion of glucose to 5-HMF (Wang et al., 2021; 
Zhang et al., 2015; Liu et al., 2023). In addition, tin oxide is considered a green, non-toxic and cost-effective solid acid. Meanwhile, 
MIL-53(Al) modified with different functional groups (-NH2, –NO2 or –SO3H), polyoxometalates or heterometallic MIL-53(Al–Sn) have 
also been investigated recently as catalysts for the 5-HMF production (Lara-Serrano et al., 2021; Z.Z et al., 2023; Chen et al., 2014; Yu 
et al., 2024). It is worth highlighting that the most promising results were obtained by using the mixed-metal MOF functionalized with 
–NO2 groups, the so-called MIL-53(Al–Sn)–NO2 material. This metal combination of Al3+ and Sn4+ has been tested in other materials, 
like Sn,Al-beta zeolites, also yielding good results for the glucose conversion to 5-HMF (An et al., 2021). In this context, MIL-53-W and 
SnO2 NPs were combined to obtain a MIL-53@SnO2 hybrid material, which was tested as catalyst in the conversion reaction of glucose 
into 5-HMF. MIL-53@SnO2-10 and MIL-53@SnO2-20 composites were characterized by PXRD, FT-IR spectroscopy, and N2 physical 
adsorption. The original topology of the MIL-53 framework is retained after the incorporation of the SnO2 NPs, as evidenced from their 
PXRD patterns (Fig. 2a). Besides, a decrease in the intensity of the diffraction peaks corresponding to MIL-53 is observed with 
increasing SnO2 content, as a consequence of a lower relative amount of MIL-53 in the hybrid materials. Notably, no peaks ascribable 
to the SnO2 phase were detected, suggesting a good distribution of small-sized SnO2 NPs within the MOF framework despite the 
expected relatively high loading. N2 adsorption isotherms at 77 K indicate that SnO2 incorporation does not block the access to the 
porous network, although it is responsible for a significant decrease of the adsorption capacity, the total pore volume and thereby of 
the BET surface area (Fig. 2b and Table S1). Moreover, SnO2 loading was simultaneously evaluated by the TGA and ICP-OES tech
niques, both yielding a SnO2 content of approximately 9 wt% and 17 wt% for MIL-53@SnO2-10 and MIL-53@SnO2-20, respectively, 
very close to the nominal values.

Fig. 2. a) PXRD patterns of MIL-53-W, MIL-53@SnO2-10, and MIL-53@SnO2-20; b) N2 adsorption isotherms at 77 K of MIL-53-W, MIL-53@SnO2- 
10, and MIL-53@SnO2-20.
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The one-pot conversion of glucose to 5-HMF was performed in a biphasic water/methyl-isobutyl ketone system at 453 K for 100 
min. Table 1 lists the results obtained with the pristine MIL-53, unsupported SnO2 NPs, and MIL-53@SnO2 composites. Both MIL-53-W 
and MIL-53-C show negligible 5-HMF yield (ca. 2 %), thus indicating their inertness as mere supports and evidencing their similar 
chemical behavior. Glucose conversion resulted lower than expected in both synthesized MIL-53, despite the known characteristics of 
Lewis acids (Table S2). This can be attributed to the competition of H2O molecules, which is the solvent selected for this reaction, for 
the available Lewis acid sites of MIL-53. Then, the protic character of our chosen solvent generates Brønsted acid sites, consequently 
the conversion of glucose is prevented. This effect has been recently reported by Lara-Serrano et al. (2021). In stark contrast, the 
unsupported SnO2 NPs are catalytically active in this reaction, yielding 21 % conversion of glucose to 5-HMF (Table 1). The SnO2 NPs 
boosted the glucose conversion to nearly 100 % (Table S2), which can be attributed to a certain Lewis acid character of the oxide and 
the ability of Sn to coordinate the carbonyl group of the open form of glucose (Moliner et al., 2010). Then, dehydration is overcome to 
form 5-HMF. It must be underlined that the synthesized SnO2 NPs have been formed by pH adjustment in ethylene glycol (see Sup
porting Information for further details) and no subsequent thermal treatments were applied upon drying. This fact, together with the 
aqueous medium of reaction, makes it possible to expect the presence of Brønsted acid sites, which are able to form 5-HMF by a 
dehydration pathway. Thermogravimetric analysis of SnO2 NPs is consistent with this hypothesis (Fig. S1a), showing a weight loss of 
11.3 % at about 373 K corresponding to physisorbed water molecules, followed by a second weight loss of 10.5 % at 566 K, which 
corresponds to dehydroxylation processes, thus confirming the presence of a considerable amount of hydroxyl groups on its structure. 
As previously mentioned, Brønsted acids are necessary to dehydrate fructose and convert it into 5-HMF. The catalytic results obtained 
suggest that although the synthesis method incorporates SnO2 hydroxyl groups (Fig. S1), and thus it presents Lewis and Brønsted basic 
sites (Fig. S2), SnO2 lacks the Brønsted acidity required to facilitate the conversion of fructose into 5-HMF. Zhao et al. noted that a 
Brønsted/Lewis acidity ratio far from unity promotes the formation of secondary products such as humins (Scheme S1), which may 
explain why higher yields were not achieved despite complete glucose conversion (Zhao et al., 2018). The formation of humins was 
indeed noted as a side product during the reaction. Fig. S15 displays the FT-IR spectrum of the solid humins recovered from the 
pressure glass tube after the reaction.

The MIL-53@SnO2-10 and MIL-53@SnO2-20 composites also exhibited high glucose conversion rates (Table S3), and the yields of 
5-HMF obtained, approximately 17 % and 18 % respectively (Table 1), were comparable to those achieved using unsupported SnO2 
nanoparticles. However, taking into account the glucose conversion, MIL-53@SnO2-10 catalyst seems to be more selective to 5-HMF.

In addition, it should be highlighted that the incorporation of SnO2 NPs into the MIL-53 porous structure greatly increases the 5- 
HMF/SnO2 ratio values (Table 1). Thus, supporting SnO2 NPs within the MIL-53-W framework leads to a ten-fold increase in catalytic 
activity (in terms of 5-HMF yield). This enhanced catalytic activity of MIL-53-W-supported SnO2 is attributed to the presence of well- 
dispersed nanoparticles, about 2 nm in size, throughout the MOF structure, as clearly shown in the corresponding TEM and STEM- 
HAADF micrographs (Figures S11, S12 and S13), and EDX chemical maps from SEM (Fig. S14). Control experiments performed 
with a physical mixture of MIL-53-W and SnO2 NPs (10 wt%), labelled as MIL-53-W + SnO2, further validated the synergistic effect 
between both components in the synthesized MIL-53@SnO2 composites. The catalytic activity of this physical mixture is considerably 
lower as compared to the MIL-53@SnO2-10 composite (see Table 1). In addition, the heterogeneous nature of MIL-53@SnO2-10 allows 
to reuse this material, showing small activity loss (less than 15 %) achieving a yield to 5-HMF of 14 % after three reaction cycles.

Neither levulinic acid (LA) nor formic acid (FA) were observed in any of the tests performed regardless of the SnO2 loading. This 
indicates that humins and 5-HMF are the main compounds produced, probably due to an insufficient content of Brønsted acid sites, as 
mentioned above. In this context, Shen et al. reported that a signal at approximately 1710 cm− 1 in the IR spectrum can be attributed to 
a carbonyl group conjugated with a C––C bond, resulting from the aldol condensation between 5-HMF and LA (Shen et al., 2020). The 
very low intensity found for this band in the FT-IR of the recovered humin may indicate negligible condensation between 5-HMF and 
LA, in accordance with our analysis, where LA has not been detected. Hence, tentatively, humins can be mostly formed by ether
ification of HMF units, Lewis acidity playing a role in promoting the initial steps of 5-HMF dehydration and subsequent reactions 
leading to humin formation with residual reactions with other possible molecules (Shen et al., 2020).

In addition, small variations in temperature have shown a great effect on the catalytic performance of the MIL-53@SnO2 material. 
As expected, decreasing the temperature, catalyst amount and reaction time leads to a reduced yield of 5-HMF, while a small increase 
in the temperature seems to slightly favor the formation of 5-HMF from ca. 17 % to ca. 19 % at 453 K and 463 K, respectively 
(Table S4). Interestingly, excessive increments in either reaction time or catalyst amount result in a slight decrease in 5-HMF yield. This 
may be attributed to the formation of humins under these conditions, which are known to compete with 5-HMF formation and lower 
the overall selectivity of the process.

Table 1 
Conversion of glucose to 5-HMF. Reaction conditions: temperature = 453 K, reaction time = 100 min.

Catalyst SnO2 content (wt.%) 5-HMF/SnO2 (mol/mol) Yield (%)

MIL-53-C – – 2
MIL-53-W – – 2
SnO2 NPs 100 0.5 21
MIL-53@SnO2-10 9 4.5 17
MIL-53@SnO2-10a 9 3.5 14
MIL-53@SnO2-20 17 2.7 18
MIL-53+SnO2 10 0.5 2

a Recycled experiment: 3rd cycle.
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The structural, morphological and textural properties of the used catalyst were also evaluated. The used MIL-53@SnO2-10 presents 
a morphology rather similar to its fresh counterpart (Fig. S19). The SnO2 NPs still remain in the support after several reuses and no 
significant differences were observed in their population density, although it is possible that SnO2 NPs undergo certain agglomeration. 
In addition, ICP analysis confirms that the Sn/Al atomic ratios in the fresh (0.151) and used (0.130) catalysts remain nearly unchanged, 
which highlights the stability of this material as a catalytic system even at high temperatures of reaction (Table S5). The structure of 
the used catalyst remains; however, PXRD analysis (Fig. S16) shows a clear decrease in crystallinity after the catalytic cycles. 
Furthermore, BET measurements (Fig. S18) indicate an approximate 80 % reduction in surface area in the used material. This sig
nificant decrease is likely due to pore blockage by humins formed during the reaction (as indicates the white-to-brownish color change 
in the catalyst, Fig. S20), which can limit the accessibility of reactants to the active sites, thus reducing the catalytic performance in 
successive cycles.

4. Conclusions

In this work, we have attempted to approach a zero-waste concept through the integral synthesis of a MOF material with multiple 
potential applications. For the first time, the MIL-53 material has been synthesized by valorizing aluminum slag and PET bottles as 
precursors for the metal and ligand building blocks, respectively. In addition, the whole synthesis was performed at room temperature 
using water as a solvent exclusively in a holistic green chemistry approach. The obtained MIL-53-W material presented physico
chemical properties equivalent to those shown by its counterpart prepared from commercial precursors and, at the same time, 
comparable to a MIL-53(Al) material prepared by solvothermal methods and using organic solvents, thus indicating the viability of the 
proposed method.

We have further explored the potential application of MIL-53-W as catalyst support of SnO2 NPs for biomass transformations, 
specifically the one-pot conversion of glucose to 5-HMF. The resulting MIL-53@SnO2 composites provided normalized yields up to ten- 
fold higher than the unsupported SnO2 NPs, and the catalyst could be reused without significant loss in glucose conversion and 5-HMF 
yield, and the material preserved its structure and morphology after catalysis highlighting the stability of this material as a catalytic 
system, even at moderate-high reaction temperatures and liquid/aqueous media. This study may pave the way for sustainability goals 
and circular economy in materials engineering.
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