
© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

Cite this: DOI: 10.1039/d6ma00333h

Evaluation of the influence of various metals
in iron-rich acid mine drainage on crystallinity,
morphology and textural properties
of iron-based MIL-101

Keaoleboga Mosupi,ab Christophe A. Ndamyabera, a Mike Masukume,b

L. Scott Blankenship, c Robert Mokaya,c Nicholas M. Musyoka*d and
Henrietta W. Langmi *a

Synthesis of a series of iron-based MIL-101 (MIL = materials institute lavoisier) using iron (Fe) extracted

from acid mine drainage waters (AMD) and terephthalic acid extracted from waste polyethylene

terephthalate is reported here. Specifically, various metal concentrations that make up AMD are

evaluated for their effects on crystallinity, morphological and textural properties of the MOFs. Each

metal (Al, Ca, Mg, Mn and Zn) is paired with Fe (dominant metal in AMD) to make bimetallic

combinations. Two metals are also paired with Fe to prepare the trimetallic combination series.

Generally, MIL-101 was formed with different degrees of crystallinity. Only trace concentrations

(o1.25 ppm) of Mg, Mn and Zn were detected, while Al and Ca were undetected in the MOFs, indicating

that Fe is the main metal node in all prepared MOFs. The evaluated metals resulted, to some extent in

octahedral morphology and/or mixed octahedral and hexagonal bipyramidal of the MOFs. The obtained

BET surface areas ranged from 26–2117 m2 g�1 with the highest pore volume being 0.91 cm3 g�1.

At 77 K and 1 bar, a hydrogen uptake of 1.44 wt% was obtained for MIL-101 from FeMn combination,

which also exhibited the highest surface area. This MOF further displayed the highest CO2 uptake of

6.17 mmol g�1 at 298 K and 20 bar. The study proves that at low concentrations, metals within AMD

result in MOFs with comparable properties to those derived from pristine precursors. This offers the

possibility to use raw AMD directly as precursor for the synthesis of Fe-MOFs, without the need to first

extract Fe from AMD.

Introduction

Metal–organic frameworks (MOFs) are materials made of
organic linkers coordinated to metal clusters forming materials
with open cavities, high surface areas and good thermal stabi-
lities. Although MOFs have such great properties, the industrial
application of these materials is predominantly hindered by the
high cost of precursors (organic linker and metal salts/oxides).
Recycling waste to produce high-value goods is a shared
aim, especially in the chemical industry where adopting green

chemistry is crucial. The use of waste provides an opportunity
to reduce the cost of synthesis thus increasing scaling-up
opportunities. Various types of MOFs have been prepared from
different types of organic linkers and metal clusters. Metal
clusters are commonly derived from particular metal salts, while
most common ligands are carboxylates, sulfonates, phosphonate
and heterocyclic compounds.1–3 However, these precursors are
often not environmentally friendly and are expensive.

Recent studies have shown that organic linkers such as
benzene-1,4-dicarboxylic acid (H2BDC) can be derived from
waste such as textile fibers and waste polyethylene terephtha-
late (PET) while metal salts can be extracted from spent lithium
batteries, coal fly ash and acid mine drainage (AMD).4–9 The
use of waste feedstock has been previously reported to result
in almost similar MOF qualities when compared to those
prepared from commercial feedstock.8–10 AMD a byproduct of
sulfide mineral oxidation, is a metal rich wastewater that holds
promise as a sustainable precursor for the synthesis of iron-
based MOFs. AMD, also referred to as acid rock drainage when
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formed naturally, primarily results from the oxidation of iron
disulfide (FeS2, pyrite) upon exposure to oxygen and water. This
oxidative process occurs in two main stages: initially, pyrite
reacts with oxygen and water to yield ferrous iron (Fe2+), sulfate
(SO4

2�) and sulfuric acid (H2SO4). Subsequently, ferrous iron is
further oxidized to ferric iron (Fe3+), which hydrolyzes to form
brownish-red ferric hydroxides (Fe(OH)3) and releases addi-
tional acidity.11 While this geochemical process can occur
naturally over geological timescales, anthropogenic activities,
particularly mining and mineral extraction, significantly accel-
erate the rate and volume of acid generation due to increased
exposure of sulfide minerals. AMD is ecologically hazardous,
typically exhibiting a low pH and high concentrations of iron,
aluminum, manganese, calcium, magnesium and various toxic
heavy metals such as arsenic, lead and cadmium.12,13

The precipitation of metal ions from AMD can be achieved
through alkaline treatment, wherein agents such as lime
(Ca(OH)2) or sodium hydroxide (NaOH) are introduced to raise
the pH and facilitate the formation of metal hydroxides.14 This
method not only provides an effective remediation route
for AMD but also offers a cost-efficient and scalable strategy
for recovering iron and other valuable metals, which may be
repurposed for the synthesis of iron-based MOFs or other
advanced materials.

Structurally, Fe-MOFs such as MIL-101 exhibit high specific
surface areas and large pore volumes, both of which are
essential for maximizing physisorption of hydrogen. Additionally,
the presence of open Fe3+ metal sites enhance the interaction
energy with H2 molecules, thereby improving the adsorption
capacity at cryogenic and near-ambient temperatures.15–17 The
frameworks also exhibit a good thermal and chemical stability,

essential for repeated adsorption–desorption cycles. These
properties make Fe-MOFs a promising class of materials for
solid-state hydrogen storage systems aligned with clean energy
objectives.

This study investigates the synthesis of MIL type MOFs,
specifically Fe-MIL-101, consisting of trivalent iron (Fe3+) oxo-
clusters and the ditopic carboxylate linker, 1,4-benzenedicarb-
oxylic acid (H2BDC). The Fe3+ ions are selectively recovered
from AMD through alkaline precipitation, while H2BDC is
sustainably derived from waste PET, offering a low-cost and
environmentally friendly approach to MOF synthesis. Beyond
single-metal systems, this work extends to a comprehensive
evaluation of the influence of additional metals commonly
present in AMD (namely Al, Mg, Ca, Mn and Zn) on the
synthesis and structural properties of the iron-based MOFs.
Binary (Fe–M) and ternary (Fe–M1–M2) metal combinations are
prepared in representative molar ratios reflective of their nat-
ural abundance in AMD, to explore their impact on the crystal-
linity, morphology, porosity and surface area of the resulting
frameworks.

Fe-MIL-101 frameworks impose strict geometric and charge
requirements on any additional metal incorporation; therefore,
metals such as aluminum and manganese might partially
substitute Fe(III) and result in mixed-metal nodes under controlled
synthesis. In contrast, divalent metals such as Mg, Ca and Zn
typically substitute at defects sites, coordinate with ligands or
deposit on the surface because of charge and size disparity.
Fig. 1 shows metal cluster mixture, partial substitution or
surface deposition of various metals.

To the best of our knowledge, this is the first study to
systematically assess the effect of AMD-associated coexisting

Fig. 1 A schematic representation of metal incorporation and/or partial substitution of various metals into Fe-MIL-101 framework (generated using
ChatGPT OpenAI (05/05/2026)).
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metal ions on the synthesis and physicochemical charac-
teristics of Fe-based MOFs. The findings contribute valuable
insights toward the development of MOFs from industrial
wastewater sources and broaden the understanding of multi-
metallic system behavior in MOF formation.

The chemical composition of surrounding solution in
Fe-MOF synthesis can easily influence the redox and coordina-
tion environment of iron clusters. Recent reports have shown
synthesis parameters, starting material composition and metal
speciation significantly affect crystallinity, porosity, morphology
and stability of Fe-MOFs.18 However, most studies are performed
under simplified laboratory conditions employing high-purity
precursors, while the influence of complex multi-metal systems
such as AMD remains insufficiently understood. Combination of
various metals could reveal how competitive coordination, ionic
strength and redox interactions affect nucleation and crystal
growth, consequently affecting phase formation, defect density
and particle size distribution. The role of foreign metal ions
during framework assembly has received limited attention despite
its critical role in ecological implementations. Since AMD compo-
sition is often determined by the surrounding geological condi-
tions, studying the variability of these elements could indicate the
potential to synthesize Fe-MOFs from any AMD source, as long as
it is rich in Fe (especially given that circumneutral AMD waters
also exist). This study can potentially shift the paradigm from
purified systems to real-world aqueous matrices; this approach
could potentially open doors for scalable production of functional
Fe-MOFs while simultaneously contributing to sustainable waste
management.

Experimental
Materials and reagents

Aluminum chloride hexahydrate (AlCl3�6H2O, 99%), zinc nitrate
monohydrate (Zn(NO3)2), ethylene glycol (HOCH2–CH2O, 99.8%),
sodium hydroxide (NaOH pellets) were obtained from Sigma-
Aldrich. Hydrogen peroxide (H2O2, 50%), magnesium nitrate
hexahydrate (Mg(NO3)2�6H2O, 98%) and manganese sulphate

monohydrate (MnSO4�H2O, 98%) were procured from Asso-
ciated Chemical Enterprises. Calcium nitrate tetrahydrate
(Ca(NO3)2�4H2O, 99%), ethanol (CH3CH2OH, 99.9%), glacial
acetic acid (CH3COOH, AR), hydrochloric acid (HCl, 32%) and
N,N-dimethylformamide (DMF, 99.8%) were purchased from
Radchem. Deionized water was obtained from Milli-Qs SQ
2series Lab Water Systems Work. AMD water was sourced from
a mine in Mpumalanga, South Africa and PET waste bottles
were collected from domestic waste in the Gauteng province,
South Africa.

Fe-MIL-101 synthesis

The extraction of iron from AMD and H2BDC from PET was
reported elsewhere.10,19 All the MIL-101 MOFs were synthesized
using AMD-Fe and PET-BDC as precursors. In a typical proce-
dure, 1 g of AMD-Fe (with some trace amounts of other metals
(see Table 2) was dissolved in 5 mL HCl, followed by the
addition of a specific amount of various metal salts to adjust
the concentration of coexisting metals naturally present in
AMD, thereby generating bimetallic and trimetallic combina-
tions as outlined in Table 1. In a separate beaker, 1 g of PET-
BDC was dissolved in 50 mL DMF. The two solutions were
transferred into a Teflon-lined autoclave, placed in a conven-
tional oven and heated at 110 1C for 20 h. The red precipitate
formed was then collected by centrifugation, and thereafter,
washed with DMF and hot ethanol twice, respectively. The
sample was then dried at 60 1C under vacuum overnight.

MIL-88B was also prepared in a similar manner as proof of
concept (see SI).

Characterization

The composition of prepared MOFs was analyzed using Agilent
4210 MP-AES instrument. Crystallinity of the samples was
determined using a PANalytical X’Pert Pro powder diffract-
ometer fitted with a Pixcel detector. This equipment employs
a Ni-filtered Cu-Ka radiation (0.154 nm). The scanning rate was
set at 0.21 s�1 and patterns were obtained in a 2y range of 3–401.
The coordination of the organic linker to the metal clusters was

Table 1 Amounts of various metal salts (g) used in the synthesis of the MOFs. The molar ratios are in brackets (Fe normalized to 1)

Bimetallic combination

Metals AMD-Fe AlCl3�6H2O Ca(NO3)2�4H2O MnSO4�H2O Mg(NO3)2�6H2O Zn(NO3)2

FeAl 1.0000 0.0830 (0.031) — — — —
FeCa 1.0010 — 0.1291 (0.049) — — —
FeMg 1.0120 — — 0.1114 (0.058) — —
FeMn 1.0090 — — — 0.0225 (0.008) —
FeZn 1.0223 — — — — 0.0023 (0.001)

Trimetallic combination
Metals AMD-Fe AlCl3�6H2O Ca(NO3)2�4H2O MnSO4�H2O Mg(NO3)2�6H2O Zn(NO3)2

FeAlCa 1.0110 0.0830 (0.031) 0.1252 (0.047) — — —
FeAlMg 1.0211 0.0832 (0.030) — 0.1056 (0.041) — —
FeAlMn 1.0100 0.0838 (0.031) — — 0.0235 (0.009) —
FeCaMg 1.0013 — 0.1212 (0.046) 0.1086 (0.040) — —
FeCaMn 1.0002 — 0.1251 (0.047) — 0.0248 (0.009) -
FeCaZn 1.0056 — 0.1244 (0.047) — — 0.0025 (0.001)
FeMgMn 1.0002 — 0.1015 (0.040) 0.0231 (0.009) —
FeMgZn 1.0531 — 0.1172 (0.045) 0.0028 (0.001)
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evaluated using a JASCO FT/IR-4X Fourier transform infrared
(FTIR) spectrometer. Spectra were collected between 4000 to
450 cm�1 using a resolution of 4 cm�1. Before the analysis, a
background scan was run. Morphology of the prepared MOFs
was determined using a JEOL-JSM 7500F scanning electron
microscope (SEM). Prior to analyses samples were coated with
carbon. Metal analysis of the prepared MOFs was determined
using an Agilent 4210 microwave plasma-atomic emission
spectrometer (MP-AES) calibrated with a multielement stan-
dard. Thermal decomposition of the materials was evaluated
using a Mettler Toledo, TGA/SDTA 851e instrument. 10 mg of
sample was gradually heated to 900 1C at a rate of 10 1C min�1

under inert conditions.
N2 and H2 (99.999% purity) isotherms at 77 K and up to

1 bar were acquired using a Micromeritics 3flex analyzer.
All sample masses were measured using a microbalance with
a resolution of 0.1 mg, minimal sample mass used was 200 mg.
Freespace measurements were made at ambient and analysis
temperatures using He (99.999% purity) and used by the
instrument software to perform the conversion of the isotherm
to ‘‘total’’ adsorption. Textural characteristics were calculated
by deconvolution of N2 isotherms. BET areas were calculated
based on the Rouquerol criteria. Pore volume was calculated
at a relative pressure of 0.9. Average pore width, wavg = 4V/A was
determined by assuming cylindrical pores. Micropore volume
was determined using t-plot method employing the Hakins and
Jura thickness equation/(Dubinin–Radushkevich). Barrett–
Joyner–Halenda (BJH) method was applied to obtained pore
size distributions. Prior to all analyses, the MOF samples were
degassed by heating at 150 1C under vacuum for 12 h using
SmartVac degassing system.

CO2 measurements were conducted at 298 � 1 K and up to
20 bar using a Hiden Intelligent Gravimetric Analyzer (IGA).
Prior to CO2 adsorption measurements, the MOF samples were
outgassed by heating at 150 1C under vacuum. Mass measure-
ment precision of the IGA is 0.1 mg with a mass stability of 1 mg,
dry sample mass was 430 mg for all samples. The instrument
provided a pressure precision of 0.02% for each isotherm point
and a base vacuum pressure of below 1 � 10�6 mbar. For each
isotherm point, equilibrium uptake was determined by identifying
the asymptote of rate of change in uptake following 99% relaxa-
tion, with a tolerance of 2%. Equilibration data was acquired every
1 s. Instrument software automatically converts the isotherm to
absolute, using the input skeletal density of the adsorbent, and the
gas and liquid densities of the adsorbate. Skeletal densities were
determined using a Micromeritics Accupyc II.

Results and discussion
Powder X-ray diffraction (PXRD)

Fig. 2 presents the PXRD patterns for bimetallic MIL-101
(Fig. 2a) and trimetallic MIL101 (Fig. 2b). The PXRD patterns
show the majority of samples displaying sharp peaks at 2y of
8.51, 9.21 and 17.11. The small areas under the peaks indicate
that materials are highly crystalline except the FeAl-MIL-101

sample which is characterized by broad peaks between 8.51
and 9.21, which is indicative of an amorphous material. The
FeAl-MIL-101 combination yielding amorphous MOF materials
has been reported by Kulandaivel et al.20 The amorphization of
this material is not only due to loss of crystallinity but also
to shift in the balance of nucleation, trinuclear metal–oxo
formation and long-range framework proliferation due to Al
addition.21 Even though Fe3+ and Al3+ are isovalent, the sec-
ondary building unit and stability are perturbed by Al’s smaller
ionic radius and higher charge density, introducing local lattice
strain, and changing M–O distances encouraging metal
compositional heterogeneity as hydrolysis rates diverge.22

Incorporation of Al kinetically decouples ordered framework
assembly, inducing defect-rich, poorly correlated networks over
periodic crystals, an occurrence echoed in MOFs where accu-
mulation of defects leads to amorphization.23 A high number of

Fig. 2 Powder X-ray diffraction patterns for MIL-101 synthesized from (a)
bimetallic and (b) trimetallic combinations.
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defects such as missing linkers, missing-cluster or disordered
node formation disrupts metal–ligand coordination and
destroys long range order, this is likely exacerbated by Al
geometric mismatch and altered coordination kinetics, direct-
ing crystallization to an amorphous material.24 FeMn-MIL-101
sample displayed an additional peak at 10.11 which is indica-
tive of the co-existence of both MIL-88B and MIL-101 as
previously reported.25,26 FeMn-MIL-53 has been reported before
and the report suggested that Mn(II) could not directly coordi-
nate with BDC but could enable the isomorphic substitution of
partial Fe(III).27 The structural features of MIL-type MOF is not
highly affected by the inclusion of Mn. MIL-type systems form
through trinuclear m3-oxo clusters (Fe3O units) that forms
through rapid hydrolysis of Fe(III) and strong Fe–O bonding.
The lower charge density and slower hydrolysis kinetics of
Mn(II) typically favor mononuclear or less strongly connected
systems. Sun et al. prepared FeMn MOFs and for all samples,
the PXRD patterns showed only a slight decrease in peak
intensities with no evidence of discrete manganese species
since no peaks belonging to any manganese species (manga-
nese oxides or manganese salts) were found.28 This was attrib-
uted to partial isomorphic substitution of Fe by Mn atoms.
FeZn-MIL-101 displayed highly intense peaks with small
regions under the peaks which is indicative of high crystallinity.
PXRD patterns displayed a highly crystalline MIL-53 MOF,
which indicated that the inclusion of Ca(II) does not cause
disorder to the primary topology of the MIL-type MOF.29 It is
evident that, divalent metals have little to no effect on the
morphology or crystallinity of MIL-101 MOF.

Majority of the trimetallic combination displayed an addi-
tional peak at 2y above 101 which is similar to what is observed
for FeMn-MIL-101 samples. FeMgZn-MIL-101 and FeCaMg-MIL-
101 samples displayed two peaks that are broad and of low
intensity, which indicates moderate crystallinity of the sample.
The FeAlCa-MIL-101 and FeCaZn-MIL-101 displayed good
crystallinity as indicated by high intensity peaks relative to
other samples. Overall, the prepared materials displayed a reason-
able degree of crystallinity, although some materials suffered from
mixed phases and some ended up more amorphous.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra for all samples are presented in Fig. 3. For all the
synthesized bimetallic and trimetallic MOFs, the prominent
bands at 1390 and 1597 cm�1 are attributed to nas(COO) and
ns(COO) vibration bands, which are characteristic absorption
bands of carboxylate. The vibrational band at 1659 cm�1 is
assigned to CQO stretching. The weak bands at 1050 and
750 cm�1 are assigned to C–H bending vibrations of the
benzene ring. The coordination of the carboxylate to the metal
cluster (Fe–O) is confirmed by the absorption band at 550 cm�1.
The results obtained are similar to previous reports.30,31 These
results show that the prepared MOFs contain the deprotonated
organic linker. Additionally, there is no apparent shift of the
Fe–O band, which is normally observed for bimetallic or sub-
stituted MOFs.32,33 CQO shift to high wavenumber observed by
Duan et al., due to competing effects of metalation, was not
observed in this study.34 This then confirms that the added
metals did not form part of the MOF structure. All the prepared
samples (bimetallic and trimetallic combinations) displayed
very similar bands.

Microwave plasma atomic emission spectroscopy (MP-AES)

MP-AES was used to determine the presence of other metals
besides iron in the structure of the MOFs. Table 2 shows iron
concentrations acquired at 344.06 and 371.99 nm, as well as
concentrations of additional metals obtained at their charac-
teristic wavelengths (Mg at 285.21 nm, Mn at 403.08 nm and
Zn at 472.21 nm). Multiple wavelength are used by MP-AES
to overcome spectral interferences and accommodate a wide
linear dynamic range. The equipment was calibrated using known
standards of 1, 5, 10 and 20 ppm prior to analysis. Al, Ca and Zn
were undetected from all samples hence excluded from Table 2.
The results obtained show that MOFs are mainly made of iron
metal with minor contributions from other metals. All the pre-
pared samples displayed an average concentration between
11–15 mg L�1 of iron from a 100 mg L�1 sample. Samples such
as FeMg-MIL-101, FeCaMn-MIL-101, FeMgZn-MIL-101 and FeAlMg-
MIL-101 displayed minor concentrations corresponding to Mn

Fig. 3 Fourier transform infrared spectra for MIL-101 synthesized from (a) bimetallic and (b) trimetallic combinations.
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and Mg. However, the concentration of these metals did not
exceed 1.25 ppm. For example, the highest detected Mg concen-
tration was 1.23 ppm for FeMgMn-MIL-101 sample while the
highest for Mn was 0.22 ppm for FeCaMn-MIL-101 sample,
respectively. The obtained low concentration of additional
metals, relative to iron, indicates that iron is the main metal
node in all prepared materials. The low or absence of addi-
tional metals indicates that these species are only present as
dopants or surface-associated species, rather than as structural
metal centers in the MOF structure. The absence, especially of
divalent metals, could be attributed to the fact that Fe3+ often
display strong affinity for carboxylate linkers. Although the
synthesis of FeMg/Zn-BDC has been reported before (MgFe-
BDC was amorphous while FeZn-BDC displayed spindle-like
morphology), their low concentration in this study hindered
their incorporation in the MOF structures.35 Ca and Mg are
more difficult to incorporate into mixed MOF nodes with Fe
due to their inherent weak coordination, propensity to form
non-redox sites and often larger ionic radii.36–38 It is also
challenging to incorporate Mg into Fe clusters due to difference
in charge density in addition to the fact that, Fe forms stable
oxo-clusters while Mg prefers simpler octahedral aqua com-
plexes. If Mg is found in MIL-101 structure, it might be attached
on the surface of the organic linker via carbonyl interaction. It
is very challenging to prepare mixed metal MOFs in a one-step
synthesis because the incorporation of secondary and tertiary
metal nodes into MOF structures tends to form erratic topolo-
gies and functions.39

Scanning electron microscopy (SEM)

SEM was used to visualize the surface morphology of the
materials and the results are presented in Fig. 4 and 5. The
majority of the bimetallic combination samples displayed
the octahedral morphology associated with MIL-101 (Fig. 4).
The MOF from FeAl-101 combination displayed no distinct

crystal facets or shapes associated with MIL-101, suggesting
that the material is amorphous in agreement with the PXRD
pattern (Fig. 2a). MIL-101 from FeMg combination displayed
both octahedral and hexagonal bipyramidal morphology.
FeMn-MIL-101, FeCa-MIL-101 and FeZn-MIL-101 particles are
intermingling with irregular shaped particles. The trimetallic
combination MOFs exhibited a similar morphology to the
bimetallic combination MOFs (Fig. 4). However, the MOFs
synthesized from the FeMgMn and FeAlMg combinations
demonstrate the octahedral structures intermingling with irre-
gular rod-like shapes (Fig. 5a and b). The FeCaMg combination
MOF sample displayed a mixture of octahedral and hexagonal
bipyramidal morphology (Fig. 5h). The appearance of the
hexagonal bipyramidal morphology, which is mostly associated
with MIL-88B, in MIL-101 synthesis has been reported.40 The
occurrence of this combination of morphologies is as a
result of the acidic environment brought about by the dissolu-
tion of AMD-Fe. The acidic environment promotes the for-
mation of thermodynamically stable phase MIL-88B in
combination with the kinetically stable phase MIL-101.41,42

The octahedral particles with smooth surface correspond well
to previous reports.43–46 It can be observed that the particle
sizes of bimetallic combinations are larger than the trimetallic
combinations (see particle size distribution plots (Fig. 4f–i and
5i–p)). The average particle size distribution of trimetallic
combination might be increased by the presence of large
hexagonal bipyramidal crystal, especially for FeCaMg (Fig. 5h
and p). The heterogenous and large distribution of particle size
is often reported for MIL-101 material.47,48 The difference can
be attributed to nucleation and growth rates, since kinetics of
crystal formation can be sensitive to reaction environment. The
trimetallic combination MOFs may slow down or terminate
crystallization early, by possibly altering ligand binding
strength, resulting in small crystals.49 The trimetallic combi-
nation is highly supersaturated as compared to bimetallic
combination which results in small crystal sizes.50

Transmission electron microscopy

Fig. 6 displays TEM images of selected bimetallic and tri-
metallic combinations (based on high surface area and better
gas adsorption). The obtained samples displayed octahedral
morphology comparable to the one observed in SEM images.
FeMgMn and FeAlMg octahedral particles intermingle with
rod-like particles as observed in SEM images (Fig. 5a and b).
The particles displayed some rough surfaces which had been
reported before.51–53

Thermogravimetric analysis

The thermal degradation of MOF samples was examined using
TGA. Fig. 7a and b show the TGA profiles of bimetallic and
trimetallic samples, respectively. The plots display a bimodal
mass loss which is commonly associated with iron-based MOF
structures. The initial mass loss (5–30%) at temperatures below
150 1C is ascribed to loss of moisture and/or solvents molecules
trapped within the cavities and/or interacting with open metal
sites. The bimetallic combination MOFs displayed varying

Table 2 Metal concentrations (ppm) in the as-synthesized MOFs measured
at corresponding emission wavelengths by microwave plasma–atomic
emission spectroscopy (MP-AES)

Solution label Fe Fe Mg Mn Zn

Blank 0 0 0 0 0
1 ppm 1 1 1 1 1
5 ppm 5 5 5 5 5
10 ppm 10 10 10 10 10
20 ppm 20 20 20 20 20
Blank 0.19 0.17 0.04 0.02 0.05
AMD-Fe 29.38 30.49 0.13 0.08 0
FeMn 15.84 15.85 0 0.06 0
FeMg 11.6 11.61 0 0.02 0.07
FeZn 15.79 16.07 0 0.08 0
FeCa 12.59 12.73 0 0 0.05
FeMgMn 16.99 17.23 1.23 0.03 0.05
FeAlMg 12.8 12.82 0.12 0 0.07
FeAlCa 11.8 11.99 0.11 0.02 0.07
FeMgZn 13.24 13.37 0.83 0 0
FeCaMn 12.89 13.19 0 0.22 0.05
FeAlMn 12.23 12.18 0.49 0 0
FeCaZn 14.25 14.15 0.2 0.04 0.08
FeCaMg 12.51 12.97 0.99 0.03 0.05
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weight losses at temperatures below 150 1C. The FeCa-MIL-101
experienced major loss of 25% followed by FeMn-MIL-101 at
18%, while both FeMg-MIL-101 and FeZn-MIL-101 experienced
less than 10% mass loss. This could be attributed to the varying
solvent/moisture amounts these samples contained. The final
mass loss in the temperature range of 300–580 1C is attributed
to the breaking down of the MOFs and the degradation of the
carboxylate linker, which is similar for all samples. The weight
loss at 150 1C for trimetallic combinations also varies. The
FeCaMn-MIL-101 sample lost 30% of mass, closely followed by
FeAlMg-MIL-101 and FeAlMn-MIL-101 at 25% loss. FeAlCa-
MIL-101 lost around 18% mass at a similar temperature. The
remaining three samples displayed a weight loss of less than

10% at 150 1C. The prepared structures exhibit high thermal
stability, as they have maintained their framework integrity up
to 400 1C. The decomposition of the organic linker leads to the
collapse of the porous structure and formation of iron oxide
particles. The remaining mass for all samples was almost
identical, ranging between 25–30%, which is usually observed
for Fe-MOFs.

N2 isotherms and pore size distribution

Fig. 8 displays the N2 adsorption–desorption of the prepared
MIL-101 samples. FeMn-MIL-101 and FeMg-MIL-101 displayed
a type I(b), which is associated with porous materials that have
a broader pore size distribution range that includes wider

Fig. 4 SEM images of MIL-101 synthesized from bimetallic combinations: (a) FeAl, (b) FeMn, (c) FeMg, (d) FeCa and (e) FeZn, and particle size distribution
of (f) FeMn, (g) FeMg, (h) FeCa and (i) FeZn.
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Fig. 5 SEM images of MIL-101 synthesized from trimetallic combinations: (a) FeMgMn, (b) FeAlMg, (c) FeAlCa, (d) FeMgZn, (e) FeCaMn, (f) FeAlMn,
(g) FeCaZn and (h) FeCaMg, and particle size distribution of (i) FeMgMn, (j) FeAlMg, (k) FeAlCa, (l) FeMgZn, (m) FeCaMn, (n) FeAlMn, (o) FeCaZn and
(p) FeCaMg.
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micropores and narrow mesopores (o2.5 nm). FeCa-MIL-101
exhibited a combination of type I(b) + IV(a) with hysteresis loop
(H4) which might be due to capillary condensation. The steep
uptake of N2 at low relative pressures (p/p0 o 0.1) is indicative
of enhanced adsorbate-adsorbent interactions in the narrow
micropores. The FeZn-MIL-101 sample displayed a type II
behavior (see inset), which is associated with nonporous mate-
rials. The trimetallic combination samples exhibited the
type I(b) isotherm which is indicative of micro-mesoporous
materials. However, the FeCaAl-MIL-101 sample displayed type
IV(a) isotherm accompanied by a type H2(b) hysteresis loop.
Classification of isotherms and hysteresis loops is well defined
by Thommes et al.54

The specific surface areas calculated using BET method (see
Fig. S1 for BET linear plots), and micropore volumes deter-
mined using t-plot/(Dubinin–Radushkevich) and pore size dis-
tributions obtained using the Barrett–Joyner–Halenda (BJH)
model assuming cylindrical pores are shown in Table 3. The
MIL-101 sample obtained from FeMn combination displayed
highest surface area at 2117 m2 g�1 and pore volume of
1.9 cm3 g�1, followed by samples from FeMg and FeCa combi-
nations at 612 m2 g�1 and 434 m2 g�1 with pore volumes of
0.31 cm3 g�1 and 0.24 cm3 g�1, respectively. The favorable
surface areas of the bimetallic combination encouraged the
exploration of the trimetallic combinations. The FeMgMn combi-
nation MOF sample displayed a surface area (1438 m2 g�1) that is

Fig. 6 TEM images of MIL-101 synthesized from (a) FeMn and (b) FeMg bimetallic combinations and (c) FeMgMn, (d) FeAlMg and (e) FeAlCa trimetallic
combinations.

Fig. 7 TGA profiles of MIL-101 synthesized from (a) bimetallic and (b) trimetallic combinations.
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intermediate between that of FeMn-MIL-101 and FeMg-MIL-101
samples. FeAlMg-MIL-101 and FeCaAl-MIL-101 also displayed
fairly high surface areas at 1126 m2 g�1 and 1116 m2 g�1,
respectively. Several other trimetallic combinations with respect
to the bimetallic combinations were evaluated and the results are
shown in Table 3. The surface area of the remaining samples
ranged between 363–692 m2 g�1 which is low for this MIL type
MOF. Although the added metals are not structural, they seem to
have an impact on the available surface area and pore volumes.
This could be attributed to the possibility of metal ions acting as

modulators. Metal ions in solution (although not finally in lattice)
can momentarily coordinate with linkers in a similar fashion
to modulators. These metals have low lability (Fe3+ o Al3+ o
Zn2+ o Mg2+ o Mn2+) compared to Fe3+ which then allows easy
ligand exchange.55 Modulators often affect nucleation rates and
growth pathways which may ultimately affect morphology, surface
area and pore volume.

The bimetallic combination (FeMn, FeMg and FeCa) displayed
the hierarchical nature of MIL-101 where there were pores of
size 2.6 nm (narrow mesopores) and 3.9 nm (mesopores) (Fig. 8c).

Fig. 8 N2 sorption isotherms for MIL-101 synthesized from (a) bimetallic and (b) trimetallic combinations; and pore size distribution for MIL-101
synthesized from (c) bimetallic and (d) trimetallic combinations.

Table 3 Textural properties of the prepared MIL-101 samples from bimetallic and trimetallic combinations (DR method micropore volume)

Sample
label

ABET

(m2 g�1)
VSP

(cm3 g�1)
Vmicro

(cm3 g�1)
Average pore
width (nm)

H2 uptake at 77 K,
1 bar (wt%)

CO 2 uptake at 298 K,
20 bar (mmol g�1)

FeMn 2120 1.09 0.91 (0. 95) 2.00 1.4 6.2
FeMg 610 0.31 0.25 (0.24) 1.99 0.9 2.4
FeZn 30 0.03 0 (0) 4.40 0 —
FeCa 430 0.24 0.17 (0.19) 2.10 0.8 —
FeMgMn 1440 0.66 0.59 (0.59) 1.70 1.2 4.1
FeMgZn 690 0.3 0.29 (0.33) 1.90 0.8 3.7
FeCaZn 530 0.30 0.18 (0.18) 2.63 0.4 2.8
FeAlMg 1130 0.50 0.43 (0.58) 1.70 1.0 5.3
FeCaMn 500 0.27 0.20 (0.21) 2.00 0.8 2.0
FeCaMg 360 0.18 0.15 (0.15) 2.00 0.7 —
FeAlCa 1120 0.68 0.40 (0.39) 1.54 1.0 5.6
FeAlMn 360 0.21 0.13 (0.17) 2.20 0.8 —
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This pore size distribution agrees with the isotherm types dis-
played in Fig. 7a. Similarly to bimetallic combinations, trimetallic
combinations displayed the bimodal pore nature of MIL-101
(Fig. 8d). The pore size distribution shows that the prepared
materials are dominated by mesopores.

Several studies have reported on Fe-MIL-101 with surface
areas well above 2000 m2 g�1 and pore volumes above 1.5 cm3 g�1

and bimodal pore size distributions.31 Only few of the pre-
pared samples exhibited surface areas above 1000 m2 g�1. The
low surface areas could be attributed to the mixed morpho-
logies exhibited by some samples (e.g., MOF combination
FeMg, FeCaMg and FeMgZn). Fe-MIL-88B is known for its
‘breathing effect’, which usually affects pore availability and
consequently the measured surface area. The presence of
irregular and rod-like shapes in the SEM images for samples
such as FeCa-MIL-101, FeMgMn-MIL-101 and FeAlMg-MIL-101
(Fig. 4 and 5) are presumed to have affected their surface
areas. Cr-MIL-101 is often characterized by high intensity
peaks which are indicative of high crystallinity and often result
in high surface areas, however, the analogous Fe-MIL-101 tends to
display low intensity PXRD peaks and often results in lower
surface areas.56 The PXRD patterns with low intensity peaks
observed in of this study shows that the materials are not highly
crystalline which has affected their surface areas.

H2 and CO2 adsorption

The hydrogen adsorption capacities of the MIL-101 samples
were examined at 77 K and 1 bar as shown in Fig. 9a and b. The
bimetallic combination MOFs exhibited varying H2 capacities,
but they correspond well with the available pore volumes and
surface areas. FeMn-MIL-101 sample displayed the highest
capacity of 1.44 wt%, followed by MOF combinations of FeMg
and FeCa at 0.88 wt% and 0.77 wt%, respectively. Due to its low
surface area FeZn-MIL-101 displayed the lowest H2 capacity
of 0.05 wt%. FeMgMn-MIL-101 displayed H2 adsorption of
1.22 wt%, closely followed by FeCaAl-MIL-101 at 1.03 wt%
and FeAlMg-MIL-101 at 0.97 wt%. The low surface area
trimetallic combinations (FeCaZn, FeCaMn, FeCaMg and
FeAlMn) displayed H2 capacities in the range of 0.68–
0.79 wt%. These capacities are in line with those reported in
the literature for MOFs with similar properties under compar-
able conditions.57,58 Higher uptake can be expected for these
materials at elevated pressures; this is supported by the lack of
saturation in the isotherms at 1 bar. The hierarchical nature
of the MOFs can further enhance the adsorption capacity,
since mesopores supply additional space (allowing multilayer
adsorption), with an increase in pressure. Furthermore, meso-
pores enhance diffusion rates and encourage spillover from
saturated micropores.

Fig. 9 (a) and (b) Hydrogen uptake for MIL-101 synthesized from bimetallic and trimetallic combinations 77 K at 1 bar; and (c) and (d) carbon dioxide
uptake for MIL-101 synthesized from bimetallic and trimetallic combinations at 298 K and 20 bar.
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CO2 adsorption capacities of selected MIL-101 samples were
examined at 298 K and 20 bar as shown in Fig. 8c and d. For
porous materials at a high pressure of 20 bar, CO2 uptake
is known to depend on surface area and total pore volume.
The relationship between CO2 uptake and the BET surface area
for the prepared MIL-101 samples is shown in Fig. 10. The
bimetallic combination of FeMn MOF sample displayed CO2

adsorption of 6.17 mmol g�1, which corresponds well with
the surface area (2117 m2 g�1). FeMg-MIL-101 exhibited an
adsorption of 2.38 mmol g�1, which is low but reasonable
for the available surface area (612 m2 g�1) and pore volume
(0.31 cm3 g�1). For the trimetallic combinations, FeAlCa-
MIL-101 and FeAlMg-MIL-101 displayed similar adsorption
capacities of 5.58 mmol g�1 and 5.34 mmol g�1, respectively.
Due to their low surface areas, FeMgZn-MIL-101 and FeCaZn-
MIL-101 displayed low adsorption capacities. It has been
observed that, when temperature and adsorption pressure are
kept constant, materials with higher BET surface area and pore
volume exhibit higher CO2 adsorption capacity. The obtained
CO2 capacities are in line with those reported for other iron-
based MOFs.59,60 But, the iron-based MOFs synthesized here
offer the benefit of being derived from Fe-rich waste precursor
(AMD) together with PET bottles. The FeMn-MIL-101, with
the highest CO2 adsorption, is particularly promising for pre-
combustion CO2 uptake.

Conclusions

This study presented a possible cost-effective route for the
synthesis of iron-based MOFs. The metallic combination dis-
played promising results for the prepared materials. Majority of
the combination resulted in reasonably crystalline materials as
confirmed by PXRD. However, the FeAl MOF combination
resulted in amorphous material. The prepared samples were
mainly dominated by octahedral morphology and trace
amounts of trigonal bipyramidal morphology. Irregular and
rod-like structures were observed for samples such as FeCa-
MIL-101, FeMgMn-MIL-101, FeAlMg-MIL-101. MOF metallic

combinations of FeMn, FeMgMn, FeCaAl and FeAlMg displayed
surface areas above 1000 m2 g�1 and reasonable H2 uptakes at
1 bar and 77 K. The highest CO2 adsorption capacity for the
bimetallic combinations was achieved in FeMn-MIL-101 MOF
(6.17 mmol g�1), which was influenced by its high available
surface area. Trimetallic combination, FeAlCa MOF trailed
behind with 5.58 mmol g�1. The CO2 adsorption of these
materials may be improved using functionalized linker to
improve electrostatic interactions. It can be concluded that
AMD with a high concentration of iron and moderate concen-
tration of other competing metal ions, can be used as an
outright precursor for the synthesis of Fe-MOFs. A comprehen-
sive understanding of synergistic interactions between different
metal nodes and organic ligands will be beneficial for nuclea-
tion, growth and defect-free formation of these MOFs. This
will then forge a path towards highly crystalline materials with
well-defined pore structures and high surface areas.
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