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Abstract: The main aspect for greener process of materials preparation is taking constituents of the
designed material from green sources. Recycling is the fundamental feature for the reutilization of
already applied elements with a subsequently minor wasting of raw materials. Transition elements
as cobalt, nickel and manganese can be found in a variety of application and several sort of energy
storage devices contain a considerable amount of these elements. From as stated before, nowadays is
more and more interesting drive research on recovery and separation of cobalt, nickel and manganese
from energy storage devices. The MIL (Institute Lavoisier Materials) are metal organic frameworks
of high porosity often utilized for a wide variety of application as gas storage, conductivity, electricity
storage and supercapacitors, sensing and detection of analytes, environment saving purpose. MIL-53
is the metal organic framework employed in the followed research for cobalt, nickel and manganese
adsorption as the first time.
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1. Introduction

Energy sources out of fossil fuels consumption, regard alternative way to produce work that can
vary from the gas employment in machines or electricity storage. In both cases, Metal Organic
Frameworks contribute to favour the inclusion and guarding of gases as hydrogen in a wide
protected inner surface; or save electric current by means specific metals and opportune ligands.
Electricity storage move research on supercapacitors to offer at industry the opportunity to gain new
battery prototypes. Cobalt and nickel are components of high relevance for the energy storage devices
production, the research for the involvement of these metals in new kind of materials opens the route
for metal organic frameworks and its composite to obtain new supercapacitors, at the same time the
recovery and reuse of metals from exhausted devices make possible a greener process of synthesis.
Mining is the primary source of industry for the metals necessary for object production, looking at a
greener process of synthesis reusing the metals that are already employed in different application
object, makes possible to use for infinite cycles the metals from electronic devices and others.

Cobalt as waste when is disposed in water effluents is a treat, indeed, the permissible limits of
Co(Il) in the irrigation water and live-stock watering are 0.05 and 1.0 mg/L, respectively
(Environmental Bureau of Investigation, Canadian Water Quality Guidelines). Therefore the
detection and removal of trace Co(Il) in an environmental samples is a key in the fields of
environmental analysis, process control and medicine [1]

Metal organic frameworks can be used for metal recovery and reuse even for species not
endangered as cobalt and nickel. Nickel and cobalt are often used in supercapacitors and electronic
devices, the main application is due for the valence conduction band or even in catalysis for the
possibility to activate chemical bonds for some reactive species. The relevance of cobalt and nickel is
due for the electronic configuration for which unpaired electrons and vacant orbitals are available for
electrons movement to get electric current, or to act as a Lewis acid in molecule coordination. Nickel
and cobalt with manganese are also the constituents of some kind of lithium-ion battery, specifically
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LMNCO battery. The fundamental aspect that links cobalt and nickel or even manganese with metal
organic frameworks is that these metals can be used as metal nodes for the net creation. Metal nodes
are simple metal ion that binds donating atom of organic molecules ore even metal cluster. A lot of
examples regard cobalt and manganese adsorption using metal organic frameworks, few examples
are referred to nickel, for which the adsorption is driven most of all by amorphous bio- or inorganic
adsorbents.

Metal Organic Frameworks

During decades the method of synthesis of the Metal Organic Frameworks changed. The simpler
method and the minor energy wasting is the direct addition of solutions of metal salt and ligand at
room temperature or applying heat. For the formation of stronger chemical bonds electromagnetic
irradiation on the reactant solution is made applying microwave irradiation or also by ultrasound
sonification; electrochemical reaction for the MOF deposition on electrode is the electrochemical
method for which oxidation of the metal and reaction with the ligand in the solution give rise to the
MOF on the electrode. Metal-organic frameworks (MOFs) represent infinite porous networks of
metals or metal clusters that are connected via organic ligands to give materials with polymeric
extension and high porosity. Starting from MOFs classified exclusively as crystalline solid-state
material, in latest by the use of specific techniques of detection, these can be classified and recognized
as glassy and liquid MOFs for their structure that retains accessible cavity and tridimensional
extension also in solution.

Formation of a particular structure type is achieved by carefully balancing the donor site angles
within the ligands as well as the nature and coordination geometry of the metal component. Years of
research on MOFs has yielded numerous types of well-defined porous crystals and complex
supramolecular architectures. Since various synthetic routes and post-synthetic modification
methods have been established, the focus of recent developments has moved toward the preparation
of multifunctional systems that are able to mimic the structural and functional complexity of natural
system [2] Coordination-site engineering and hierarchical assembly of preformed components use
partially protected or “naked” metal cations. Modulated synthesis involves a modulator, that is a
chelating ligand, to slow down the formation process of the chemical bonds development of the
networks and favours the assembly of a crystalline material. Typically, for stronger bond formation
MOFs are prepared via solvothermal synthesis, where the organic building blocks and metal
precursors are heated in a polar solvent such as DMF. Safer solvents like methyl and ethyl lactate,
triethylphosphate (TEP), dimethyl sulfoxide (DMSO), y-butyrolactone (y-BL), and ionic liquids (ILs)
have been proposed for replacing the “classic” solvents in the phase inversion technique. For
example, Xing et al. presented a method of preparing PBI using the ionic liquid 1-ethyl-3-
methylimidazolium acetate ( [EMIM]OAC) as an alternative to DMAc as a solvent. [3]

Two-dimensional metal-organic frameworks (2D MOFs) are an attractive platform to develop
for their structural tunability and large specific surface area that exposes numerous active sites. A
general method for the synthesis of benzene with a dicarboxylic acid (BDC)-based MOFs with
hierarchical 3D morphologies composed of 2D nanosheets or nanoplates is herein explained.
Acetonitrile helps solvate the metal ions in solution and affects the morphology, while
polyvinylpyrrolidone (PVP) serves as a shape-control agent to assist in the nucleation and growth of
MOF nanosheets [4] Ultrathin 2D nanosheets can support enhanced electrocatalytic activity, but they
tend to be less stable than 3D structures because they are prone to restacking. In this regard, the
construction of hierarchical 3D MOF nanostructures is attractive because it may be engineered to
maintain many of the aspects of 2D MOFs (i.e., large surface area, interconnected open pores, rich
redox sites) but in a hierarchical framework that promotes stability for electrochemical applications.

Strategies for the synthesis of MOFs can be accomplished also using a support for layer growth
as Langmuir-Blodgett (LB) and (LBL) modular assembly method. Interfacial growth is not a novelty
in research regarding MOFs, inorganic supports as alumina, glass plates and polypropylene supports
for LPE liquid phase epitaxy. The LbL method is a step-by-step approach in a liquid phase using
structural components and self-assembled monolayer (SAM)-functionalized substrates, in which the
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substrates are alternately immersed into solutions of metal ions and organic ligands of the target
MOFs. The LB-LbL and modular assembly methods are relatively new approaches for producing
crystalline oriented MOF thin films. In the LB-LbL method, a 2D-layered MOF sheet is fabricated
first on an aqueous solution via compression of a solution surface that contains metal ions and
ligands, similar to an LB method. The step-by-step growth of the target MOF thin film with an
intended thickness is then achieved by a repeated transfer of the 2D-layered MOF sheet onto the
substrate (LbL) [5]

Interfacial polymerization (IP) and counter-diffusion syntheses result in better MOF-covered
membranes. Recently, Vankelecom et al. used IP to synthesize continuous thin ZIF-8 layers on porous
polymeric supports with good nanofiltration performance. MOF precursors are dissolved in two
different immiscible solvents that contact the support from opposite sides. As diffusion of the
precursors is faster in the remaining defects than in the MOF-covered area, defects self-seal. However,
there is only a limited number of matching solvents that can be used for IP. Second, the solubility of
metal salts and linkers in the solvents is critical. Some common solvents for MOF synthesis, such as
ethanol or dimethylformamide, are not good candidates for IP, leading to synthesis failure. To solve
these problems, the key challenge for polymer/MOF composite membranes via the IP method is to
change the binary solvent system (aqueous/organic) to a single-solvent system. [6]

MOF glass can be easily tailored similar to its crystalline form, while being able to form a
continuous film with limited inter-grain boundaries makes it a promising candidate for a selective
membrane material. However, even with its high processibility, limited studies have been performed
on this material in a thin film format. This perspective highlights the properties of currently studied
MOF glass and its composite, as well as existing studies on MOF glass membranes. Views on possible
future exploration pathways for this material in the form of membrane thin films, such as possible
new MOF glass composite membrane configuration and new applications. The absence of inter-grain
boundaries in glass membranes will also allow researchers to now fully study the effects of pore
environment modification towards film-based separation without having to worry about the effects
of inter-grain boundaries on the overall selective transport behaviour. [7]

1.1. Cobalt

Cobalt can have different application from a synthetic and structural point of view for the
construction of new materials or also as part of energy capacitance device, and moreover as
component of catalytic reaction for the synthesis of new molecules. Cobalt is a transition element that
favours esa-coordination and octahedral geometry. Tetrahedral geometry is less frequent. Oxidation
state encountered in metal organic frameworks nodes are mostly (II) and even in such case (III).
Higher valence state can be present in cobalt oxide that with hydroxide are widely present in metal
organic frameworks as secondary building units. Cobalt recycling take a great importance to avoid
cobalt waste in effluents and to save cobalt sources. The research about cobalt seeking, was mainly
focused on the recovery of valuable elements from used batteries, and unlike the previous years, the
research around 2020 was more concentrated on process optimization. [8] The quantity of cobalt
consumption in rechargeable batteries is the highest, accounting for more than 80%, followed by alloy
materials, which are widely used in aerospace engines. According to the US Geological Survey 2022,
the world’s cobalt reserve is 7.6 million tons. The distribution of cobalt resources in the world is
uneven. Congo (Kinshasa) continues to be the world’s leading source of mined cobalt, supplying
more than 70% of world cobalt mine production [9] Cobalt demand will grow rapidly if lithium
batteries continue to be the main power source for electric vehicles which are being promoted in
many countries to create a low carbon society and reduce pollution. [8]

1.2. Importance of Cobalt in Metal Organic Framework and Some Common Applications

Cobalt coordination favours strong bonds with oxygen and nitrogen atoms, preferentially in
octahedral geometry, less frequent is the tetrahedral coordination. Divalent or trivalent oxidation
state are mostly encountered in these kinds of structures. The M2(dobdc), with dobdc 2,5 dioxido- 1,4


https://doi.org/10.20944/preprints202502.1386.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 February 2025

4 of 15

benzendicarboxylate, structure type features one-dimensional metal oxide chains that are connected
by dobdc* ligands to form a hexagonal array of channels, approximately 11 A across, that propagate
along the crystallographic c-axis. The high negative charge on the compact dobdc* ligand leads to a
greater density of metal cations than found in most metal-organic frameworks with such large pores
high attractive for carbon dioxide and gases adsorption capture only CO2, not CO. Density functional
theory calculations elucidate the discrepancy in CO affinity: Co(Il) and Ni(II) form strong m-back-
donating bonds with CO via electron transfer from the d orbitals of the transition metals to the
antibonding molecular orbitals of CO [10]

Botas et al. studied the influence of the isomorphic substitution of Zn by Co in MOF-5 materials
on their adsorption properties was studied by the gas adsorption of hydrogen, methane, and carbon
dioxide. Non-doped and Co-doped MOF samples were evacuated in IGA equipment (Intelligent
Gravimetric Analyzer) and then exposed to adsorption. The amount of hydrogen adsorbed in Co8-
MOE-5 was found to be slightly higher than for undoped MOEF-5 and lower than for the Co-richest
sample, Co21-MOE-5. The latter adsorbs 7.4% more hydrogen than MOEF-5 at 77 K at a pressure of 10
bar. Tendencies are probably more interesting than absolute values: at low pressure, there is a very
little difference in the H: adsorption between MOEF-5 and Co-MOF-5. However, the Co-MOE-5
adsorption capacity is clearly higher than that of nondoped MOEF-5 at higher pressures, regardless of
whether both materials have a similar available space for fitting hydrogen molecules into the pores,
according to their textural properties. It has to be pointed out that no color change from the initial
blue was observed for the samples after gas adsorption [11] [, p. 5] Co incorporation into the
framework (Co?* ions are smaller than Zn?* ions) and are in good agreement with theoretical
calculations for a Co-doped MOEF-5 framework [12]

DUT-8(Co) paddle wheel unit in the prototypic flexible MOF compound DUT-8(M) (M = Nj, Co,
Zn) [13] The first example in which an explicit temporal engineering MOF (DUT-8, [M1iM2(2,6-
ndc)2dabco]x, 2,6-ndc = 2,6-naphthalene dicarboxylate, dabco = 1,4diazabicyclo [2.2.2]octane, M1 = Nj,
M2 = Co) were presented by Miura et al. The temporal response is deliberately tuned by variations in
cobalt content. The partial substitution of Ni by Co leads to mixed metal frameworks showing a
systematic variation in the gate-opening pressure. [14] With increasing cobalt content, pAPHM/p0
reaches 0.40 for N2 at 50% substitution and higher Co content leads to an incomplete opening of the
ensemble (pAPHM= adsorption pressure at half maximum) [15]

Among a variety of MOFs, MOEF-74, also called CPO-27 (coordination polymer of Oslo), is one
of the most promising MOFs because it features a high density of open metal sites in the one-
dimensional hexagonal channel along the c-axis, and high porosity and surface area, MOF-74 is
constructed from metal(Il) oxide chains connected by 2,5-dioxido-1,4-benzenedicarboxylate, and the
remaining coordination site of a metal is coordinated using DMF (DMF = N,N-dimethylformamide),
resulting in Lewis acidic open metal sites after the removal of DMF. MOE-74 have been synthesized
using various metal ions, including Zn, Cu, Ni, Co, Mn, Fe, and Mg [16] Another example of
bimetallic metal organic framework is PCN-250(Fe2Co). PCN-250(Fe2Co) possesses total CH4 uptake
of 200 v/v at 35 bar and 298 K, which is one of the highest among MOFs. PCN-250(Fe2Co) has a record
high H: uptake of 3.07 wt% and 28 g L' at 1.2 bar and 77 K. It also has one of the highest total
volumetric H2 uptakes, 60 g L7, at high pressure due to its high crystal density. PCN-250 consists of
6-connected [Fe2M(u3-O)] building blocks and rectangular tetratopic ligand. Along one axis, ligands
constructing the same cube in PCN-250 adopt mirror configurations and are alternatively arranged.
In PCN-250', ligands adopt the same configuration in the one cube and mirror configuration in the
adjacent cubes along any axis. [17] Below Dong et al., besides hydrolytic stability, the materials used
for Os removal should also be able to resist long-term Os attack, PCN-250(Fe2Co) showed 100% O3
removal efficiency for a continuous air flow containing 1 ppm Os over a wide humidity range (0 -
80% RH) at room temperature. Its tolerance was further evaluated by exposing it to a continuous flow
(flow rate: 0.5 L min™) of dry or humid air (RH =40% at room temperature) containing 50 ppm Os for
100 h (50 h for wet gas, and 50 h for dry gas) at room temperature. [18]

d0i:10.20944/preprints202502.1386.v1
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Zeng et al. studied a two ligand composed metal organic framework Co(5-NH:BDC)(bpy) that
exhibits an interesting spongelike dynamic behaviours triggered by removing and rebinding
molecules in a Co(Il)-based flexible 2D pillared-bilayer porous framework. This MOFs with
coordinatively unsaturated metal centers undergoing a shape recognition process for different
organic solvents upon single crystal to single crystal transformations. Oversized guest molecules can
be incorporated into the channels depending on the framework expansion and gate-opening
phenomenon by the vapor adsorptions of dehydrated forms. [19]

Cobalt and nickel can be used as single metal or together for their chemical property similarities.
Cobalt and nickel are often used instead of palladium or platinum in catalytic system, because
notwithstanding a slight lowering of the efficiency respect to noble metals, nickel is a cheaper
element. Ni-based compounds and complexes have been widely used as heterogeneous catalyst [20]
The first registered evidence for nickel as part of a catalytic system was reported in a patent by
Phillips in 1942 [21]

Ni-based catalysts in the CO2 reforming of methane, sometimes called dry reforming of methane
DRM, is the most common method used in industries to produce syngas DRM is the most promising
technology that utilizes two abundant greenhouse gases (CO2 and methane) to produce syngas that
is important for industries, and at the same time can reduce the net emission of greenhouse gases to
the environment. DRM produces a H2/CO ratio of unity that can be used for the synthesis of
oxygenated chemicals [22] and higher hydrocarbons for Fisher-Tropsch synthesis [23] Moreover,
DRM can be extended to biogas (CO:, CO and CH4) as a feedstock to produce clean and
environmentally friendly fuels [24]. [25] Almost as unique example of MOF used in DRM the
aluminium carboxylate MIL-53 is used as a nickel precursor host for a dry methane reforming catalyst
composed of nickel nanoparticles dispersed within a porous y-Al:Os lamellar phase. The higher
surface area of this metal-organic framework compared to preformed porous alumina supports
allows for a more efficient dispersion of the nickel precursors and, in turn, for a superior dispersion
and uniformity of the nickel nanoparticles obtained after the MOF calcination and subsequent
reduction steps [26]

Olefin oligomerization is a very important process for the preparation of essential petrochemical
intermediates such as short linear alpha-olefins, 1-butene, 1-hexene, and 1-octene. [21] Selective
deoxygenation for the production of green diesel is also supported by the nickel catalyst employment
using as feedstock non-edible oils, such as energy crops, municipal waste, organic waste, and waste
vegetable oil, to produce alternative diesel fuels for petroleum diesel substitution. Nowadays, the
production of green diesel biofuel has gained more interest for many reasons, including: (i) high
heating value, (ii) high cetane number, (iii) less corrosiveness, and (iv) high oxidative stability due to
zero oxygen content. [27] Hydrogenation catalysis imply the capability of the catalyst to favour
production of active species, by dissociative adsorption of hydrogen. Co@N-doped carbon (Co@NC)
hybrid was synthesized by thermal decomposition of the metal-organic framework (MOF) ZIF-67
under N2 atmosphere for the hydrogenation of nitrobenzene. [28] MOFs Cos3(BTC)3-12H20 and ZIF-
67 were used as the precursors to make the Co-C-700 or Co-C-N-700 catalysts. This approach yielded
good dispersion of metal NPs onto a carbon substrate. The metal-carbon interface appeared to
facilitate the dissociative H2 adsorption and C=0O bond scission [29-31] Two known benefits of these
structures are hydrogen spillover and migration of adsorbed COz-derived species. [32] Im-Co-C-700,
which had low dispersion and large Co particles, had low COz2 conversion. Ni is also imperative in
energy storage or conversion systems such as electrochemical capacitors, solar cells. Metal organic
frameworks have been used in supercapacitors SCs owing to their highly porous structure, high
surface area and adjustable porosity [33,34] The final structure and properties of the MOFs are
depended on two general factors: initial chemical and synthesis method [35] MOFs store electrical
energy in two ways: (1) the double-layer mechanism at their inner surfaces and (2) pseudocapacitor
mechanism at metal centers. [36] Various methods have been employed to augment the conductivity
of the MOF-based electrode materials, such as changing the structure, metal ions or organic ligands
of MOF, or using two active metal ions in the composition [37,38] The cobalt benzendicarboxylate
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Co-BDC MOF synthesized through a simple solvothermal method, cell tests exhibited outstanding
reversible capacities of 1090 and 611 mA h g ! at current densities of 200 and 1000 mA g - within a
cutoff voltage window of 0.01-3.0 V (vs. Li*/Li). The electrochemical data of Co-BDC were obtained
using polyacrylic acid (PAA) binder. Cyclic voltammetry (CV) was tested for 4 cycles at a scan rate
of 0.2 mV s -! within the potential window of 3.0-0.01 V vs. Li/Li* [39].

1.3. Cobalt Adsorption

In cobalt adsorption crystalline and amorphous materials are employed, a relevant material is
the  composite  adsorbent (CpAD) composed by  functional ligand (3-(((5-
ethoxybenzenethiol)imino)methyl)-salicylic acid) bond to mesoporous silica. The CpAD has
excellent capability to take up Co(Il) ions completely even an initial concentration at low level of 2.0
mg/L because of the high surface area and large pore volume of the mesoporous inorganic silica. [1]

Cobalt adsorption using metal organic frameworks is unfrequently in contrast to adsorption by
amorphous adsorbents herein some examples of well performing crystalline materials. The metal
organic framework TMU-24 selected to adsorb Co(Il) from wastewater with an adsorption capacity
of 500 mg. g adsorbs it in less than 20 minutes in neutral pH (pH=7). [40] This is a zinc based MOF
in which the metal binds the nitrogen atom of the aromatic amide derivate substituents of the 1,5-
Diaminonaphthalene. The adsorption capacities for Co(Ill) were 136.83 and 164.40 mg-g7,
respectively, by ZIF-90 modified by two amino acids. [41] The carboxaldehyde functional group react
by reductive amination with lysine and methionine to have a more cobalt specific material. A
composite Cr-BDC/AC (AC activated carbon) were used for cobalt adsorption with adsorption
capacity of 138 mg g for a solution of 70 ppm with 25 mg of adsorbent and pH 5. [42] The efficiency
of this composite is lower respect the previous chromium MOF.

Cobalt sorption capacity is 256 mg g' by UiO-66-Schiff base MOF at pH 8.4. The cobalt (II)
sorption rate is fast during the first hour. Also, over 80% of the total sorption capacity occurred during
this stage, and the sorption process reached equilibrium at around 5 h [43] Cobalt adsorption capacity
of UiO-66-Schiff base is enhanced by post-modification and investigate the effect of different groups
on the adsorption process. UiO-66-R (R = COOCHs, CONHz, CN, or SOsH) were prepared by post-
synthesis modifications, and the maximal cobalt adsorption capacity of UiO-66-CONH: was
calculated as 339.7 mg g [44]

MIL-101-NH: characterized by abundant amine groups in capturing various compounds from
aqueous phases. Furthermore, the amino groups can enhance the affinity of cobalt ions [45], and MIL-
101-NH:2 can be synthesized in water under environment friendly conditions, which facilitates
interactions between supported substrate and MOFs [46] Glycine, diglycine, and triglycine were post-
synthesized on MIL-101-NH>, and the adsorption of Co(Il) increased from 185.2 to 232.6 mg g™ [47]

Nickel adsorption [48] is a common remediation in contaminated water, the zeolite scony
mobile-5 (ZSM-5) nanoparticles encapsulated in sodium alginate (SA) for nickel (II) removal from
aqueous solutions. Increasing Ni (II) initial concentration from 20 to 100 mg L, led to an increase of
the biomass’’s” adsorption capacity (qe) from 2.275 to 10.825 mg g! (Figure 7a). The increase in initial
metal concentration from 20 to 100 mg L would also, decrease the removal of metal uptake from 93
to 86% at temperature 25 °C, pH 6 and a sorbent dosage of 8 g L1[49]

Regarding the use of mixed matrix membranes [50] MIL-53(Al)@PES and SrCusSer@PES exhibits
outstanding selectivity toward cobalt(Il) cations compared to of nickel(Il) ones, with removal
efficiencies of 63.7 and 15.1% for Co(II) and Ni(II), respectively. As MOF powder adsorption SrCusSer
showing the best among the other 3 MOFs results, with the highest Qe of 387.3 mg/g and nickel 150.8
mg/g. The maximum removal efficiency for Ni(Il) ion was achieved by MIL-53(Al)@PES (R =94.6%)
followed by SrCusSer@PES (R =85.5%) and MIL-101(Fe)@PES (R = 78.9%). The values
oftheequilibrium maximum loading (Qe) for the neat PES membrane, MIL-53(Al)@PES, MIL-53(Fe)@
PES, MIL-101(Fe)@PES, and SrCusSer@PES were 366.0, 3188.0, 502.0 1634.0 and 1195.1 ug/g,
respectively.

d0i:10.20944/preprints202502.1386.v1
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Manganese removal is essentially done using organic, inorganic or biological adsorbents [51-54]
and not yet using MOFs. An example of Mn?* removal occurred within the whole investigated pH
range of 4-8, the maximum was achieved at pH 7, with q.=73.83 mg g7, on the titanium TiO2-based
adsorbent prepared through the transformation of titanyl sulphate monohydrate to amorphous
sodium titanate [55].

The tested material in metals adsorption is a benzendicarboxylate aluminium based MOFs.
Above all the MIL-53 prepared by a greener process of synthesis using water as solvent of synthesis
and fixing temperature at 150°C for 72 hours, followed by a drying of the filtrated MOF left for a day
at room temperature and next heated for 1 hour at 100°C. From the produced powder of the MIL-53
100 mg are weighted and used to recovery cobalt, nickel and manganese.

2. Results and Discussion

MIL-53(Al) is investigated for their efficiency in metal ions uptake (cobalt, nickel, and
manganese). Among the metal adsorbed this is the first time in which data of manganese adsorbed
are published, literature reported data do not include metal organic frameworks as adsorbent. Very
little data for nickel, few for cobalt as reported in Table 1.

The adsorption is conducted under various operating conditions, the one reported here is
stirring at 3500 rpm and centrifuging solution at 6000 rpm for 4 minutes. Adsorption without stirring
trend is not so different from the graph with data of the experiment in which each solution is stirred
regarding cobalt, instead, for nickel the static adsorption works better than the stirred solution. For
the manganese only stirred and centrifuged solution data. Data are attained from ICP-MS analysis.

Table 1. Literature data regarding adsorption of cobalt using MOFs and this work experimental data for Co(II),
Ni(II), Mn(II).

Cobalt adsorption

MOF Equilibrium uptake capacity (mg g1)
TMU-24 500.0 [40]

ZIF-90-lysine 136.83 [41]

ZIF-90-methionine 164.4 [41]

Cr-BDC 138.0 [42]

UiO-66-CONH2 339.7 [44]

SrCusSer 387.3 [50]

Glycine, diglycine, and triglycine were post-
synthesized on MIL-101-NH:

from 185.2 to 232.6 [47]

MIL-53(Al) (this work) 33.4
Nickel adsorption

MIL-53(Al) (this work) 38.0
SrCusSer 150.8 [50]
Manganese adsorption

MIL-53(Al) (this work) 46.0

Equilibrium uptake capacity q.=

(Co—Ce)xV
m

1)
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. . . _ (Co—Ce)
Adsorption efficiency %= ———"100 (2)

Metal adsorption is performed stirring a solution 100 ml of cobalt, nickel and manganese

on 100 mg of MIL-53(Al). Equilibrium uptake capacity, qe, and percent uptake (%) of the metal
ions were determined using the kinetic uptake profiles of stirred solutions. Co is the initial
concentration and Ce is the equilibrium concentration.

Sampling on stirred solutions is made on 100 ml of solution of the three metals, on 100 mg of
MIL-53(Al), at 6, 20, 40, 60, 120, 180, 240, 300, 1440, 2880 minutes with initial concentration 65, 70 and
82 respectively for Co(Il), Ni(Il), Mn(Il). Adsorption stirring and centrifuging the solutions get the
following results, after 20 minutes there is a 46 % and 47 % for cobalt and nickel solution
concentration decreasing, for manganese after 20 minutes there is a decreasing of 56%. After 48 hours
there is an uptake of 51.3 % of the cobalt concentration, 54.0% for the nickel and 56.2% for manganese,
in stirring and centrifuging every metal solution. The maximum adsorption is higher for manganese
46,0 mg g1, 38,0 mg g for nickel and 33,4 mg g for cobalt.

a) b)
cobalt uptake nickel uptake
60.0 60
50.0 50
40.0 40
30.0 30
20
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10
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0
0.0 O O O
b< ™ Q ™ ‘b
6 20 40 60 120 180 240 300 14402880 PP A N AP

manganese uptake

60

40
30
20
10

6 20 40 60 120 180 240 300 14402880

c)

Figure 1. Metals uptake of a stirred and centrifuged solution of Co(NOs)2 -6 H20 (a), Ni(NOs)2 -6 H20 (b),
Mn(NO:s)2 6 H20 (c) in 10 ml of DI water starting from 65, 70 and 82 ppm.
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Figure 2. Adsorption of metals for stirred and centrifuged solutions for adsorption of Co(NOs): -6 H20(a),
Ni(NO:s)2 -6 H20(b), Mn(NOs)2 6 H20(c) in 10 ml of DI water starting from 65, 70 and 82 ppm.

3. Materials and Methods

Reagents and solvents were purchased by Sigma-Aldrich, these were used without any further
purification.
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4. Synthesis

Aluminium nitrate salt is dissolved in water and then added to the ligand in dimethylformamide
DMEF, the mixed reagents by solvothermal reaction gives the MIL-53(Al).

Benzendicarboxylate H.BDC 0.5766 g and aluminium nitrate nonahydrate AI(NOs)s 9 H20
2.5996 g in a DMF solution of 35 ml are stirred for 30 minutes at room temperature before autoclave
utilisation for solvothermal synthesis at 150° for 72 h. The product and at the end of the reaction is
cooled at room temperature and washed with 10 ml of ethanol. The MOF is filtrated and left at room
temperature for 24 hours. Before using it there is a further drying at 100°C for 1 hour. Lavoisier
Institute Material MIL-53(Al) [Al (OH) [(O2C)-C6H4—(CO2)] . Following the elsewhere reported
synthesis [56] but lowering the temperature of synthesis.

5. Structural Characterization

PXRD of 30 mg of the white crystalline sample of MIL-53 is measured. Experimental PXRD
pattern profiles of MIL-53(Al), is compared with the calculated pattern (Figure 3) in the 20 range 5.0—
50.0 and Cu Ka radiation A= 1.5405 with a 0.05° 20 step size, the maximum intensity of XRD patterns
was set to 10,000 counts. The sample is mounted on the powder diffractometer Bruker, D2 PHASER
and a Lynxeye detector, at 30 kV and 10 mA. Powder X-ray diffraction (PXRD) patterns confirmed
the homogeneity of the bulk samples. Crystallinity is retained even when it is heated at 100 °C for 60
minutes.
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Figure 3. Comparison calculated(narrow pore) a) and experimental b) and c) MIL-53 sample PXRD.
Diffractogram b) is adapted from ref. [57].

6. Conclusions

Cobalt, nickel and manganese divalent ions are adsorbed in the metal organic framework MIL-
53 (Al). With a percentage uptake that almost halve the initial concentration, specifically, 51.3 % for
the cobalt concentration, 54.0% for the nickel and 56.2% for the manganese. This is the first adsorption
of manganese in a metal organic framework and few examples of other adsorbents are present in
literature. The realization of mixed matrix membranes and the test with these metal solutions is the
perspective for the continuing of the research line.
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