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Abstract
Conventional approaches for metal-organic framework synthesis have shortcomings that may be circumvented through 
unconventional approaches, which offer fast reactions and scale-up opportunities. This work reports the successful prepa-
ration of iron-based MIL-101 utilizing unconventional precursors: iron extracted from acid mine water and terephthalic 
acid derived from waste polyethylene terephthalate. Three methods were employed including conventional solvothermal, 
unconventional microwave-assisted and unconventional sonochemical-assisted synthesis and the resulting Fe-MIL-101 
was evaluated as an adsorbent for hydrogen. Unconventional synthesis drastically reduced synthesis duration from 20 h 
(solvothermal) to 4 h (sonochemical-assisted) and 2 h (microwave-assisted). The prepared materials displayed comparable 
surface areas, with the sample from microwave-assisted synthesis exhibiting a surface area of 512 m2 g− 1 while that from 
sonochemical and conventional solvothermal methods exhibited surface areas of 702 and 717 m2 g− 1, respectively. Cor-
respondingly, the highest hydrogen uptake (1.03 wt% at 1 bar, 77 K) was attained for the solvothermal Fe-MIL-101. The 
feasibility of synthesizing Fe-MIL-101 holistically from these specific waste sources using unconventional methods, with 
an advantage of shortened reaction times, has been proven in this study.
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1  Introduction

Metal-organic frameworks (MOFs) are a class of highly 
ordered crystalline compounds characterized by acces-
sible voids of various shapes and sizes. They are known 
to possess unusually high specific surface areas and large 
pore volumes. The accessible voids are capable of ensnar-
ing molecules of different sizes for various purposes. MOFs 
have been used in different applications such as heteroge-
neous catalysis [1–4], gas storage and separation [5–7]. 
Since hydrogen is considered as a good energy carrier there 
is a growing need to use MOFs as adsorbents for this gas. 
A few studies have reported on hydrogen storage in iron-
based-MOFs. Hydrogen uptake of 5.1 wt% was reported for 
Fe-MIL-101 when the adsorption isotherm was recorded at 
77 K and up to 100 bar pressure [8]. Anbia et al. obtained 
0.3 mmol/g hydrogen uptake for Fe-MOF-235 which exhib-
ited a surface area of 974 m2 g− 1 [5]. Fe-BTT (BTT3+ = 
1,3,5-benzenetristetrazolate) with a surface area of 2010 m2 
g− 1 and hydrogen uptake of 1.1 wt% at 100 bar and 298 K 
was also reported [9]. Although MOF materials possess 
good attributes, their industrial application is moving at a 
snail’s pace. Use of enormous quantities of corrosive sol-
vents, high energy demands with extended reaction times, 
and costly precursors are the biggest stumbling blocks to 
industrialization of these materials. The conventional syn-
thesis, which requires pressure-sealed vessels, that are 

chemically and thermally resistant and normally in use for 
several days, adds to the delayed industrial application of 
MOFs.

Unconventional methods such as microwave-assisted 
synthesis provide a better alternative because of many 
benefits such as low reaction temperatures, fast synthesis 
times, uniform small crystals of the MOF and high yields. 
The working principle of microwave-assisted synthesis is 
based on interactions between charged particles (polar sol-
vents and/or ions in solution) and electromagnetic waves. 
This method was employed for the synthesis of small crys-
tals (200  nm) of Fe-MIL-101 which were used for drug 
delivery and imaging [10]. A comparison of conventional 
solvothermal and unconventional microwave synthesis of 
Fe-MIL-88  A was performed via computational methods 
and showed that the microwave method affords small crys-
tals (< 100 nm) and has accelerated reaction rates [11]. The 
“breathing” effect of Fe-MIL-88B and Fe-MIL-88B-NH2 
was studied using the microwave method [12].

While on a quest to find better synthesis methods for 
industrial applications, sonochemical reaction has garnered 
a great interest in tailoring iron-based MOFs. Contrary to 
microwave, this method induces cavitation on liquids which 
upon reaching their critical size, they burst, emitting energy 
with heating and cooling rates of greater than 1010 K s− 1. 
Ultrasound does not interact with the molecules directly, 
it is the energy delivered by ultrasound-induced cavitation 
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that results in a very rapid synthesis reaction. This method 
is advantageous due to the fast reaction rates and the avoid-
ance of high-pressure withstanding equipment [13, 14]. 
This method has been used to prepare Fe-MIL-53 and 
Fe-MIL-88 A yielding small highly crystalline particles at 
significantly reduced reaction times (2 h) [15, 16]. Several 
other unconventional methods have been reported for the 
synthesis of various MOFs [17–20].

Although unconventional methods contribute a fair share 
towards industrialization of MOFs, there is still a need to 
find cost effective and environmentally friendly precursors. 
The utilization of waste materials to create value-added 
products in chemistry represents a sustainable approach to 
resource management and environmental protection. Depo-
lymerization of polyethylene terephthalate (PET) waste into 
an organic linker benzene-1,4-dicarboxylic acid (H2BDC), 
has been widely used for the preparation of various MOFs 
and has afforded materials of similar quality to commer-
cial linkers. Several MOFs, i.e., Fe-MIL-101, Cr-MIL-101, 
Fe-MIL-53, Fe-MIL-88B and Zr-UiO-66 were prepared 
using PET-derived H2BDC (PET-BDC) with great proper-
ties for various applications [21–23]. One-pot solvothermal 
synthesis of Fe-MIL-88B and PET depolymerization in 
the presence of water and methanol, yielded Fe-MIL-88B 
crystals and unreacted H2BDC [21]. Several other stud-
ies have employed the use of H2BDC to generate various 
types of MOF [24–27]. These studies majorly employed the 
hydrolysis depolymerization technique which proves to be 
efficient for depolymerization of PET. Dyosiba et al. fur-
ther extended the study to various source of organic linker 
such as food trays, colored (brown and green) bottles for 
the synthesis of Zr-MOFs [23]. Although the quality of 
the extracted H2BDC was low as per acid test, the derived 
MOFs displayed reasonable surface areas.

In addition to repurposing waste PET, metals can be 
recovered from waste feedstock such as battery waste, coal 
flyash, and mine water drainage [28–31]. Acid mine drain-
age (AMD) is a major environmental problem arising from 
sulfide mineral mining activities. During mining activities, 
sulfide-bearing minerals such as pyrite are oxidized by air 
and water, which in turn produces sulfuric acid. The acid 
lowers the pH value of water which then dissolves heavy 
metals from the exposed rocks, contaminating the water 
even further [32]. The resulting highly acidic and metal 
containing water flows from open mines into the surround-
ing areas, which lead to long-term ecological effects. This 
waste can be neutralized through neutralizing agents such 
as lime or can be recycled and metals recovered for repur-
posing. Metals can be recovered through selective precipi-
tation as hydroxides/oxyhydroxides by carefully adjusting 
the pH using neutralizing agents [31]. Seo et al. performed 
sequential selective precipitation of Fe, Al and Mn from 

coal acid mine water. The recovery of oxidized iron (Fe2+ 
to Fe3+) was at 99% when pH was maintained at 3.5 [33]. 
In another study, 82% recovery of iron as iron hydroxide/
oxyhydroxide was obtained with pH set at 3.7 [31]. Several 
other studies have shown good recovery rate of iron from 
AMD using selective precipitation via pH adjustment [34–
36]. This study demonstrates the beneficiation of PET and 
AMD into a value-added product using microwave-assisted 
synthesis and sonochemical-assisted synthesis, and it evalu-
ates the hydrogen storage capacity of the synthesized Fe-
MIL-101. To the best of our knowledge, Fe-MIL-101 has 
not been previously prepared using microwave-assisted or 
sonochemical-assisted synthesis while employing holis-
tic unconventional feedstock consisting of Fe-AMD and 
PET-BDC.

2  Experimental

2.1  Iron extraction

The oxidation of Fe2+ to Fe3+ in 1000 mL of AMD was per-
formed by adding 30 mL of 30% H2O2. The solution was 
then stirred for 1.5 h at room temperature. Fe3+ was precipi-
tated by dropwise addition of NaOH (4 M) to pH of 3.5 and 
it was agitated for 0.5 h. The resulting solid was vacuum 
filtered and washed with 1000 mL H2O, and conventionally 
dried at 100 °C overnight.

2.2  Ligand Extraction

The ligand (H2BDC) was extracted by depolymerizing 
waste PET. This was performed according to the method 
described by Dyosiba et al. with slight adjustments [37]. 
37.5 g of flakes of PET, 37.5 mL of ethylene glycol, and 90 
mL of deionized water were introduced into a 150 mL Tef-
lon-lined stainless-steel autoclave. The mixture was heated 
to 210 °C and maintained at this temperature for 8 h under 
autogenous pressure. Upon completion, the solid product 
was recovered by centrifugation, washed twice with etha-
nol to remove impurities, and subsequently dried at 100 °C 
overnight. The resulting product was then utilized as an 
organic linker in the synthesis of Fe-MIL-101.

2.3  Solvothermal Synthesis

The extracted AMD iron salt (0.6655 g) was converted to 
FeCl3 by dissolving in HCl (5 mL) at 70 °C. PET-derived 
BDC (0.4462 g) was added to dimethylformamide (DMF, 
50 mL) and dissolved by ultrasonication. Then the iron salt 
solution was combined with PET-derived BDC solution and 
ultrasonicated for 0.5 h. The yellowish mixture was poured 
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Brunauer–Emmett–Teller (BET) specific surface area and 
porosity were determined using a Quantachrome Autosorb 
iQ instrument at 77 K, over a relative pressure (p/p₀) range 
of 0 to 1. Pore size distribution and pore volume were calcu-
lated using the Horvath-Kawazoe (H-K) model. Micropore 
surface area and micropore volume were determined using 
t-plot. Hydrogen adsorption isotherms were measured at 
77 K up to 1 bar using Micromeritics ASAP 2020 HD, with 
ultra-high purity hydrogen gas (99.999%).

3  Results and Discussion

3.1  Viability of Using Wastes as Precursors

3.1.1  PET-Derived H2BDC

The successful extraction of H2BDC from PET waste was 
confirmed by both PXRD and FTIR spectroscopy. The 
PXRD pattern of extracted H2BDC with reflection peaks 
at 2θ = 17.69, 25.45, 28.09, 30.07, 40.07° (Fig. 1a) is simi-
lar to the commercial and literature reported samples [37]. 
No impurities were observed and the H2BDC product was 
highly crystalline. Figure 1b shows FTIR spectrum of the 
extracted H2BDC with prominent distinctive signals attrib-
uted to vibrations of C=O, COO− and OH. The benzene ring 
of terephthalic acid is confirmed by the vibration peak of 
C-H at 723 cm− 1 and the bending of O–H wagging vibra-
tion at 929 cm− 1. The COO− and C=O stretching bands are 
observable at 1278, 1423 and 1675 cm− 1. The broad peak at 
2834 cm− 1 represents the stretching vibration of OH group.

3.1.2  Iron-Derived AMD

Quantitative analysis of metals present in raw AMD was 
performed using ICP-MS. The raw AMD sample had a high 
amount of Fe (808 mg L− 1), followed by Ca, Mg, Al and 
Mn (Table  1). Other metals including Cu, Cr, Pb and As 
were present only in trace amounts. This revealed that the 
AMD was iron-rich. The amount of Fe was high enough to 
be extracted for use in synthesizing Fe-MOFs. The PXRD 
pattern of extracted Fe-AMD is shown in Fig.  1c, where 
β-FeOOH peaks are observed at 2θ = 7.54 and 35.68° while 
the broad peak at 2θ = 15.87° is assigned to the γ-FeOOH. 
This confirmed that Fe was successfully extracted from 
AMD by the precipitation method with pH control. The 
extracted material is mostly amorphous as indicated by 
broad diffraction peaks. SEM-EDS (Fig.  1d; Table  2) 
was used to determine the elemental composition of the 
extracted iron. The results revealed the main presence of 
iron and trace amount of aluminum which may have origi-
nated either from the sample itself or the sample holder used 

into a Teflon cup in an autoclave and heated to 110 °C for 
20 h. The brown orange precipitate was collected by cen-
trifugation and washed thrice using DMF (50 mL ×3) fol-
lowed by washing with ethanol three times (50 mL ×3). The 
sample was activated by heating at 60 °C in vacuum over-
night. The product is denoted as Solvo-MIL-101.

2.4  Microwave Synthesis

A similar procedure to the solvothermal synthesis was fol-
lowed with a minor change in organic linker solution where 
DMF (25 mL) and ethanol (25 mL) were used. The DMF/
ethanol mixture aims to provide the solvent environment 
necessary to achieve reproducible, high-quality MOFs 
under rapid, energy-intensive synthesis conditions. Here, 
the organic linker and iron solution was transferred to a 100 
mL four-neck round bottom flask and placed in a micro-
wave reactor with power set at 250 W and heated to 80 °C 
for 2 h. The washing and activation procedure of the sol-
vothermal process was adopted. The product is denoted as 
Micro-MIL-101.

2.5  Sonochemical Synthesis

A similar procedure to the microwave synthesis was fol-
lowed, where the yellow solution was transferred to a 100 
mL four-neck round bottom flask and placed in the reactor 
and continuous ultrasound probe set at 80% power for 4 h. 
A similar washing and activation procedure to that of the 
solvothermal process was followed. The product is denoted 
as Sono-MIL-101.

2.6  Characterization

Elemental composition of AMD was confirmed using 
inductively coupled plasma optical emission spectroscopy 
(ICP-OES, PerkinElmer Optima 2100 DV). The crystal-
line and/or amorphous phases of the synthesized materi-
als were identified by powder X-ray diffraction (PXRD, 
Rigaku Ultima IV diffractometer) equipped with Ni-filtered 
Cu-Kα radiation (λ = 0.154  nm), scanned over a 2θ range 
of 5° to 80° at a rate of 0.1° s⁻¹. Fourier transform infra-
red (FTIR, JASCO FT/IR-4X spectrometer) spectra of the 
MOFs were recorded within the 4000–450 cm⁻¹ region at 
a resolution of 16 cm⁻¹, with background spectra collected 
preceding sample analysis. Field emission scanning elec-
tron microscope (FE-SEM, JEOL JSM-7500  F) was used 
to determine the morphology of the prepared samples. 
Thermal stability of the material was tested using a Q500 
analyzer (TA Instruments) TGA, under a nitrogen atmo-
sphere. Each sample was loaded into an alumina crucible 
and heated from 0 °C to 900 °C at a rate of 10 °C min⁻¹. The 
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in the analysis. Nevertheless, the successful extraction of 
iron is further confirmed.

3.2  Fe-MIL-101 Synthesized from Different Methods

3.2.1  Phase and Morphology Confirmation

The AMD-derived Fe and PET-derived H2BDC were used 
to synthesize Fe-MIL-101. Figure  2, shows the PXRD 
patterns of Fe-MIL-101 synthesized using solvothermal, 

Table 1  Elemental composition of raw AMD
Identified element Amount identified (mg L− 1)
Ca 101
Mg 94
Al 67
Fe 808
Mn 18
Zn 1.83
As 0.055
Pb 0.025
Cr < 0.125
Cu < 0.050

Table 2  Metal composition of iron extracted from AMD
Element Wt% Wt% Sigma Atomic %
Al 1.62 0.03 3.29
Fe 98.38 0.03 96.71
Total: 100.00 100.00

Fig. 1  a PXRD pattern and b FTIR spectrum of PET extracted H2BDC, c PXRD pattern of extracted iron from AMD and d SEM-EDS (point and 
ID) of iron extracted from AMD
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the MOFs is confirmed by characteristic peaks at 550, 748, 
1096, 1398, 1505, 1659 cm−1 in the case of the solvother-
mally synthesized Fe-MIL-101. The peak at 550 cm−1 con-
firms the stretching vibrations of Fe–O bond. The peaks at 
748, 1398, 1505 and 1659  cm−1 confirm the presence of 
carboxylate ligand. The 748 cm−1 peak is assigned to C-H 
bending vibrations, 1398 and 1505  cm−1 are assigned to 
the C=O symmetric and asymmetric vibrations while the 
peak at 1659 cm−1 indicates the C–O stretching bands. The 
stretching vibration ascribed to C–O–Fe is represented by 
a band at 1096  cm−1. For microwave-assisted and sono-
chemical-assisted Fe-MIL-101, these characteristic bands 
were also observed at similar positions. Therefore, the FTIR 
results are in agreement with the observation from PXRD 
that Fe-MIL-101 was indeed formed from each of the syn-
thesis routes.

Figure 3 presents the morphology of the MOFs synthe-
sized by solvothermal, microwave-assisted and sonochem-
ical-assisted approaches. All methods show well-faceted 
crystals with octahedral morphology and smooth surfaces, 
associated with Fe-MIL-101, corroborating the results from 
PXRD and FTIR spectroscopy that Fe-MIL-101 was synthe-
sized. The surface morphology is similar to the typical crys-
talline and porous iron-based MOFs that have been reported 
[42, 43]. The Micro-MIL-101 displayed exceptional homo-
geneity, which is attributed to the fast nucleation and good 
phase selectivity brought about by the microwaves. The fast 
crystallization contributes immensely to the narrow particle 
size and uniformity of Micro-MIL-101. The small particle 
size (75–300 nm) could contribute to the external surface 
area of the material. The MOF from sonochemical-assisted 
synthesis also displayed reasonable uniformity. Meanwhile, 
the particle was larger and less uniform for Solvo-MIL-101 

microwave-assisted and sonochemical-assisted routes. The 
patterns for microwave-assisted and sonochemical-assisted 
prepared Fe-MIL-101 MOFs showed distinctive peaks at 
2θ values of 8.39 and 10.3°. Further peaks were observed 
at 12.58, 18.86, 19.34 and 22°, which are characteristic of 
trinucleated-transition metal-based MOFs (Fig.  2a). The 
peaks represent (002), (100), (101), (103), (202, and (211) 
planes, in good agreement with earlier reports [38, 39]. The 
patterns of the as-prepared materials correspond to the sim-
ulated Cr-MIL-101 pattern, with a slight shift of peaks to 
higher 2-theta values attributed to the different metal cen-
tres consistent with lattice contraction. The Cr-MIL-101 and 
Fe-MIL-101 are isostructural hence the use of Cr-MIL-101 
PXRD pattern. VESTA software was used to generate the 
patterns from a CIF file published by Lebedev et al. [40]. 
The absence of the peaks between 5 and 7o for the Solvo-
MIL-101 and Sono-MIL-101 is also consistent with the lit-
erature [38, 39]. The high crystallinity of the MOFs from 
microwave-assisted and sonochemical-assisted synthesis is 
confirmed by the high intensity and extremely small regions 
under the peaks on the XRD patterns. The solvothermally 
synthesized material displayed relatively weak broad dif-
fraction peaks (at 2θ values of 8.39, 10.3 and 18.5°) which 
shows a slight decrease in crystallinity. Other studies have 
shown relative less crystalline samples of MIL-101 [41, 42]. 
This confirms that Fe-MIL-101 materials were successfully 
prepared by the three methods though with varied degrees 
of crystallinity.

The molecular structure and functional groups of the 
MOFs were examined using FTIR-spectroscopy as dis-
played in Fig. 2b. The absence of a broad peak at 3330 cm−1 
signifies the successful evacuation of guest molecules in 
the cavities of all the MOFs. The successful synthesis of 

Fig. 2  a PXRD patterns and b FTIR spectra of as-prepared Fe-MIL-101

 

1 3



Journal of Inorganic and Organometallic Polymers and Materials

3.2.2  Thermal Stability

Thermogravimetric analysis (TGA) was used for the assess-
ment of the thermal stability of the prepared samples. The 
TGA profiles of the MOF materials derived from Fe-AMD 
and PET-BDC utilizing unconventional methods are dis-
played in Fig. 4. The initial weight loss occurring between 
approximately 30–200 °C accounts for a 10% reduction in 
weight. This is attributed to the gradual loss of pore-trapped 
solvent molecules as well as those bound to the iron atoms. 
The second weight loss between 300 and 580  °C corre-
sponds to the breakdown of the Fe-MIL-101 framework and 
degradation of the carboxylate moiety. The sharper, well-
defined framework decomposition step for Micro-MIL-101 
indicates a more effective removal of trapped solvent mol-
ecules. The third weight loss for Solvo-MIL-101 and Sono-
MIL-101 at temperatures above 580 °C can be attributed to 
the loss of CO2 due to decarboxylation of the organic linker 
[47]. Therefore, the MOFs are generally thermally stable up 
to about 300 °C.

3.2.3  Textural Properties and Hydrogen Uptake

Textural properties of the prepared materials were deter-
mined using nitrogen at 77 K, and the N2 sorption isotherms 
and pore size distribution are shown in Fig. 5a and c. All the 
synthesized MOFs displayed a classical IUPAC Type I (a) 
adsorption isotherm which is representative of microporous 
materials. This IUPAC Type has been previously reported 

(200–500  nm) and Sono-MIL-101 (150–650  nm). The 
reported particle sizes are in line with previously reported 
values [44–46]. Overall, structural and morphological char-
acterization of the MOFs from the three different methods 
employed in this study demonstrates the feasibility of using 
a combination of Fe-AMD and PET-H2BDC to synthesize 
Fe-MIL-101.

Fig. 4  TGA plots of synthesized Fe-MIL-101

 

Fig. 3  SEM images of a Solvo-MIL-101 b Micro-MIL-101 and c Sono-MIL-101 and particle size distribution d Solvo-MIL-101 e Micro-MIL-101 
and f Sono-MIL-101
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and cross-sectional area of the adsorbate which will then 
give BET surface area. Figure 5c displays normalized lin-
ear plots of the prepared samples. The linear plot is often 
determined from the plot of n(P0 - P) vs. P/P0 (insert) which 
determines the upper relative pressure limit (signified with 
lines on the plot) for the linear plot. The determined sur-
face areas of the prepared MOFs are in line with the crite-
ria outlined by Rouquerol and Llewellyn [50]. Dong et al. 
prepared Fe-MIL-101 via conventional electric heating and 
microwave-assisted synthesis [51]. The microwave-assisted 
samples showed improvement in surface area (383 m2 g− 1) 

for MIL-101(Fe) [48, 49]. The steep gas uptake at lower 
partial pressure signifies the presence of micropores in the 
material (evident on all samples). The BET surface area and 
pore volume of the prepared materials are relatively com-
parable (Table 3). The low surface areas of these materials 
may be attributed to the possibility of unreacted precursors 
in the pores of the prepared MOFs and/or partial collapse 
of the pores thus reducing the accessible surface area. To 
determine the BET surface area a linear plot must be iden-
tified. From this linear plot, a monolayer capacity can be 
determined then multiplied with the Avogrado’s number 

Table 3  Textural properties and hydrogen uptakes of prepared Fe-MIL-101
Sample name BET Specific surface area

(m2 g− 1)
BET micropore surface area
(m2 g− 1)

Pore size
(nm)

Pore volume
(cm3 g− 1)

Micropore volume
(cm3 g− 1)

H2 uptake at 1 bar
(wt%)

Micro-MIL-101 512 417 1.75 0.22 0.18 0.77
Sono-MIL-101 702 477 1.76 0.39 0.12 0.90
Solvo-MIL-101 717 505 1.81 0.60 0.23 1.03

Fig. 5  a N2 sorption isotherms at 77 K, b Linear BET plot in the finally selected pressure range (Normalized, insert (Plot of the term n (PO - P) vs. 
P/PO)), c pore size distribution and d hydrogen adsorption isotherms at 77 K for synthesized Fe-MIL-101
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open metal sites and is expected to be similar for the MOFs 
reported here [58–60].

4  Conclusions

Successful synthesis of Fe-MIL-101 was achieved from 
waste precursors including AMD and PET by unconven-
tional and conventional methods. The extract from AMD 
was confirmed to contain predominantly iron. PXRD and 
FTIR spectra confirmed the successful extraction of H2BDC 
linker from PET waste. Unconventional methods such as 
microwave-assisted and sonochemical-assisted synthesis 
were proven to reduce the long synthetic times (20  h) to 
2 h and 4 h, respectively. The need for pressure withstand-
ing equipment (Teflon cups and autoclaves) was eliminated 
by the unconventional methods, which utilized round bot-
tom flasks. This sustainable synthesis pathway reduced 
the volume of corrosive solvent employed by utilizing 1 
: 1 v/v ratio of ethanol and N, N-dimethylformamide. The 
resulting morphology of the MOF from the unconventional 
approaches was similar to the solvothermally prepared 
MOF but with smooth surface and uniform small particles 
(130 nm). The results obtained in this study show that the 
preparation of MOFs using unconventional techniques and 
precursors could serve as a basis for developing MOF-based 
materials that can satisfy a range of applications, including 
their potential use in hydrogen storage. Future studies will 
involve long-term recyclability testing and temperature- and 
pressure-dependent hydrogen uptake measurements.
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compared to the conventional heating materials (309 m2 
g− 1). In another study, microwave-assisted preparation of 
Fe-MIL-101 was conducted and the material displayed a 
high surface area of 1693 m2 g− 1 [52]. The pore size distri-
bution calculated via H-K method showed that all the three 
MOF materials are dominated by pores with pore sizes 
below 2 nm.

The hydrogen adsorption capacity of the prepared MOFs 
was measured at cryo-temperature (77 K) and 1 bar. Fig-
ure  5e displays the hydrogen adsorption isotherms for all 
the Fe-MIL-101 samples. The obtained hydrogen uptakes 
of 0.77, 0.90 and 1.03 wt% at 1 bar and 77 K for Micro-
MIL-101, Sono-MIL-101 and Solvo-MIL-101, respectively 
are comparable to values reported in literature for MOFs at 
these conditions with correspondingly similar surface areas. 
For instance, IRMOF-1 (BET surface area = 520 m2 g− 1) 
and Co-Cu-BTC (BET surface area = 822 m2 g− 1) have been 
reported to adsorb 0.97 and 1.12 wt% hydrogen, respec-
tively [53, 54]. A recent work reported hydrogen uptake of 
1.0 wt% for a sustainably synthesized Fe-MIL-100 mate-
rial, which was correlated with its BET surface area [55]. 
These reported hydrogen uptake values are in the range of 
the hydrogen uptake values recorded for the Fe-MIL-101 
samples in this work. Other work by Yuan et al. reported 
that PCN-61, with a BET surface area of 3000  m2 g− 1, 
exhibited reversible hydrogen adsorption of 2.25 wt % at 
77 K and 1 bar [56]. In another study, a microporous iron-
based MOF, Fe-BTT with a high BET surface area and open 
Fe2+ cation sites displayed a hydrogen uptake of about 2.3 
wt% at 1 bar and 77 K [9]. Evidently, Solvo-MIL-101 with 
the highest surface area exhibited the highest hydrogen 
uptake. The absence of saturation in the hydrogen adsorp-
tion isotherms at pressures up to 1 bar suggests that higher 
uptake capacities may be achievable at elevated pressures, 
as increased pressure would drive more hydrogen molecules 
into the material’s pores [57]. These results demonstrate 
that the Fe-MIL-101 obtained from traditional solvother-
mal synthesis is superior over those obtained from uncon-
ventional sonochemical-assisted and microwave-assisted 
synthesis. Hydrogen adsorption on porous materials is 
mainly governed by weak van der Waals forces, which is 
highly dependent on temperature. Cryogenic temperatures 
(77 K) lower kinetic energy of H2 which allows molecules 
to remain in MOF pores thus resulting in high adsorption 
capacities. Although adsorption data at higher temperatures 
were not collected in the present work, previous studies 
on MIL-101 and related MOFs consistently report a sharp 
reduction in hydrogen uptake with increasing temperature, 
attributed to relatively low adsorption enthalpies (typically 
6–10 kJ mol− 1). This trend is consistent across MOFs with 
diverse structural features including high surface areas or 
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