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A B S T R A C T

A concept is proposed for the recycling of Li-ion batteries with an open-loop method that allows to reduce the
volume of wastes and simultaneously to produce valuable materials in large amounts (Metal-Organic
Frameworks, MOFs). After dissolution of Nickel, Manganese, Cobalt (NMC) batteries in acidic solution (HCl,
HNO3 or H2SO4/H2O2), addition of organic moieties and a heat treatment, different MOFs are obtained.
Solutions after precipitation are analyzed by inductively coupled plasma and materials are characterized by
powder X-Ray diffraction, N2 adsorption, thermogravimetric analysis and Scanning electron microscope. With
the use of Benzene-Tri-Carboxylic Acid as ligand, it has been possible to form selectively a MOF, based on Al
metallic nodes, called MIL-96 in the literature, and known for its interesting properties in gas storage applica-
tions. The supernatant is then used again to precipitate other metals as MOFs after addition of a second batch of
ligands. These two other MOFs are based on Cu (known as HKUST-1 in the literature) or Ni-Mn (with a new
crystalline structure) depending of conditions. This method shows promising results at the lab scale (15 g of
wastes can be converted in 10 g of MOFs), and opens interesting perspectives for the scaled-up production of
MOFs.
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1. Introduction

Batteries have been extensively developed as mobile energy sources
(mobile, cars…) or for energy storage, which is crucial for the devel-
opment of renewable energy technologies (Whittingham, 2012). There
are currently many types of batteries with different advantages and
limitations depending of the desired application. One of them, the Li-
Ion battery (LiB), has been extensively developed since early 90s due to
its rechargeable nature, high energy density and relative safety
(Tarascon and Armand, 2001). LiBs are composed of a cathode, an
anode, an electrolyte and a separator. Where the anode is a copper plate
coated with a compound of graphite, the cathode is generally composed
of metal oxides (LCO and NMC) (Rozier and Tarascon, 2015) or metal
phosphates (LFP) (Dimesso et al., 2012) deposited on an aluminum
plate. The LCO and NMC batteries, composed respectively of Co and Ni,
Mn, Co oxides, have been widely produced until 2010 whereas the LFP
production has drastically increased over the past 10 years and these 3
types of batteries now represent 90% of the overall production of the
market (Pillot, 2017). Even if the LiNi0.33Mn0.33Co0.33O2 (NMC333) has
been the common form of NMC (Cheng et al., 2017), different metal
ratios have been introduced in the material and the trend is now to
increase the energy density in place of the thermal stability and capa-
city retention by increasing the quantity of Ni in the composition (like
NMC 622 or NMC 811) (Susai et al., 2018).

The worldwide spent LiBs are estimated to hit 2 million metric tons
per year in 2030 due to the popularity of electronic cars (Jacoby, 2019).
Even if batteries are valuable and recyclable (Ciez and Whitacre, 2019)
due to technical or economic factors, less than 5% are collected and
recycled today (Anon., 2019) even if some laws, as the Directive EU
2006/66/CE in Europe, state that 50% of LIBs in weight should be re-
cycled. The sustainable recycling of LiBs is crucial for the development
of this technology for the next decades (Liu et al., 2019; Zhang et al.,
2018). Moreover metal resources needed for their synthesis are limited
(Vikström et al., 2013) and the fast-growing concept of urban mine is
essential due to the short economic life of electrical and electronic
equipment’s (Anon, 2013). However, the variability in the batteries’
composition and the types of batteries increase the difficulty to develop
an efficient recycling process (Grey and Tarascon, 2017). Generally, to
recover materials from waste, a physical pretreatment is usually applied
to obtain different streams of waste that are then treated by chemical
methods (pyrometallurgy and hydrometallurgy mainly) (Xu et al.,
2008). Even if the development of the hydrometallurgy treatment
makes it a promising approach for the recycling of batteries (milder
conditions and higher recovery of metals) (Chagnes and Pospiech,
2013), other non-conventional methods should be explored to increase
the economic interest for battery recycling (Barik et al., 2016). The
actual strategy is to develop a full close-loop recycling process (Gao
et al., 2017) of every part of the battery (Rothermel et al., 2016), de-
spite a low economic interest since raw materials remain cheap. In this
way, an original route would be to generate high valuable products
from a waste stream, creating an economical open-loop battery model
for some metals instead of developing methods to isolate each com-
ponent of the battery and to close the loop by re-manufacturing new
batteries.

As valuable materials, Metal-Organic Frameworks (MOFs) are hy-
brid materials obtained by the assembling of organic moieties around
metals or clusters (Cui et al., 2016). Due to their high crystallinity,
porosity and versatile structure, they have been used in many appli-
cations such as gas storage or gas separation (Li et al., 2009). We have
recently demonstrated their interest to mimic LFP electrodes in coin
cells, where batteries have revealed high capacity and good cyclability
over charge-discharge cycles (Cognet et al., 2017). The main difficulty
of the use of such materials at an industrial level is the possibility to
obtain them at large scale with a good purity by a process meeting
industrial requirements (Silva et al., 2015). Generally, they are syn-
thesized at the mg scale with large amount of toxic solvent (e.g. DMF).

However, some techniques have recently been proposed to scale-up the
process to the order of kg with the recycling of the solvent (Muller et al.,
2006). The solvothermal strategy is probably the most suitable for a kt/
year scale production, but other methods have been developed to solve
inherent difficulties of such technique (e.g. high pressure and tem-
perature or large quantity of solvent) (Yilmaz et al., 2012). The use of
metallic oxides or sulfates are usually used for a solvothermal synthesis,
as well as the use of carboxylic acids ligands as organic linkers. Among
these techniques, a continuous electrochemical method has been de-
veloped to generate a Cu-MOF (HKUST-1) (Chui, 1999) with 1,3,5-
benzenetricarboxylic acid and a copper cathode in solution (Muller
et al., 2019). The obtained material has revealed some interesting
properties for gas methane (Peng et al., 2013) and hydrogen (Xiao
et al., 2007) storage or water adsorption (Liu et al., 2010). This method
is used by BASF for the commercialization HKUST-1 under denomina-
tion “Basolite C300”, but so far no other MOF has been reported using
this method. Replacing nitrate or chloride salt by sulfate in aqueous
solution at ambient pressure and low temperature (60 °C) results in an
Al-MOF, also proposed by BASF (Basolite M050). Another interesting
strategy is the use of mecanochemistry techniques (James et al., 2012)
as developed and patented by MOF Technologies™. Even if the crys-
tallinity and purity of such MOFs are not as good as those obtained by
solvothermal synthesis (Ali-Moussa et al., 2017), it is still a credible
technology that uses a small amount of solvent and reduces the time-
scale preparation. However, this method faces some challenges (energy
cost, crystallinity and purity of the materials …), and others approaches
should be developed for the large-scale production of MOFs, of the
same order than synthetic zeolites annual production (around 1.8
million metric tons) (Yilmaz et al., 2012).

We propose in this work to combine the recycling of batteries with a
hydrothermal method leading to the large scale formation of MOFs.
When NMC batteries are dissolved in acidic conditions, metals (Cu, Al,
Ni, Mn, Co …) are released in solution. The addition of organic moieties
in solution followed by a heat treatment has allowed us to obtain 3
different MOFs; two are known in the literature as MIL-96 and HKUST-1
and another one exhibits a new crystalline structure. These MOFs have
potential applications as gas storage materials or also as new electrode
materials for Li-Ion batteries. The synthesis of valuable materials from
waste is an interesting strategy to reduce the volume of the battery
wastes and to make the recycling process of LiBs economically viable by
an open-loop cycle. This proof of concept can be extended for the re-
cycling of other materials.

2. Experimental

2.1. Dissolutions and syntheses

Reagents were purchased from Sigma-Aldrich and were used as
received without further purification. The battery wastes are provided
by an industrial and were used without pretreatment and contain
carbon, plastics, organics and metals. The average composition in
weight percentage for the major elements is the following: Cu
(18–25%), Al (10–15%), Mn (14–17%), Ni (2.5–3.5%), Co (0.6–1%), Li
(1.5–2%), F (0.5–2%) and P (0.2 to 0.5 %). Dissolutions: 15 g of wastes
were dissolved in a 150mL acidic solution under stirring. Acidic solu-
tions were prepared with HCl (37 %):H2O (1:1 in volume), HNO3 (67
%):H2O (1:3.5 in volume) or H2SO4/H2O2/H2O (1:0.3:5 in volume)
mixtures. For the precipitations, different protocols have been used and
will be described when needed. Temperature study: 1 mL of the dis-
solution solution was added to 1mL of DMF containing 20mg of
BenzeneTriCarboxylic Acid (BTC). The mixture was then heated during
24 h at different temperatures (range from 20 °C to 100 °C). Ligand
ratio study: 1mL of the dissolution solution was added to 1mL of DMF
containing 10–40mg of BTC and was heated during 24 h at 90 °C. For
all samples, the mixture was centrifuged and the precipitate was wa-
shed 3 times with DMF, 3 times with EtOH and finally dried at 80 °C.
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Digestion of the material for ICP OES analyses: 10mg of MOF ma-
terial were dissolved in a mixture of 1mL of H2SO4:H2O2 (3:1 in vo-
lume) until the liquid was fully limpid prior analysis.

2.2. Characterizations

Materials were characterized by powder x-ray diffraction (XRD),
thermogravimetric analysis (TGA), scanning electron microscopy
(SEM), gas adsorption measurements, ICP OES (after digestion), and
single-crystal XRD. PXRD patterns were obtained with a Bruker D8
Advance diffractometer equipped with a Cu anode. TGA were measured
in a Mettler-Toledo TG with auto-sampler. A FEI Quanta 200 environ-
mental scanning electron microscope, equipped with an Everhart-
Thornley detector (ETD) and a backscattered electron detector (BSED),
was used to record images with an acceleration voltage of 30 kV under
high vacuum conditions. Nitrogen physisorption measurements were
performed using an ASAP 2020 at 77 K, after outgassing at 363 K during
12 h, reaching a pressure below 1mmHg, and specific surface areas
were calculated using the BET method (Brunauer et al., 1938). Con-
centrations of metals in dissolution solutions and in materials were
determined by ICP-OES analyses (Spectro ARCOS). The device was
calibrated with certified standard solutions (SCP Science) and all sam-
ples were diluted in 2% HNO3 within the range of 0−20 ppm to meet
the analysis requirements. Crystal data were collected with a Bruker
APEX II diffractometer at 150 K, the absorption corrections were carried
out with SADABS. The determination of the structure and the final re-
finement was carried out with the use of the SHELXL 2016 package.

3. Results and discussion

3.1. Dissolutions

Dissolutions of batteries (Fig. 1-A), without pretreatment, have been
performed during 24 h in three different acids: hydrochloric acid, nitric
acid or a mixture of sulfuric acid and H2O2. After dissolution, the
plastics stay on the top whereas carbon material is localized at the
bottom of the flask; metals are dissolved in solution (light blue color for
nitric acid and green color for hydrochloric acid) (Fig. 1-B). Due to the
heterogeneity of the LiB wastes, dissolution experiments have been
duplicated in the same conditions and the average concentration of
each metal in solutions is given by ICP OES (Fig. 1-C and Table S1). The
solution with H2SO4/H2O2 will not be more discussed because it has not
been possible to do metal precipitation in our conditions with this so-
lution. We observe the total dissolution of Co, Ni, Mn and Li if we refer
to the battery specifications provided by the industrial. Only the con-
centration of Mn in HNO3 is lower than the one observed after dis-
solution in HCl, probably due to the formation Mn oxides in this acid
(higher oxidizing agent). Connectors, composed of Cu and Al, have not
been totally dissolved in our conditions and their concentrations in
solution are more than 50 % below of the expectation. These results are
coherent with a dissolution process previously reported in the literature
(Billy et al., 2018), where Cu and Al have shown to act as catalysts for
the total dissolution of the other metals. Finally, in these conditions,
HCl shows better performances than HNO3 for the dissolution of LiBs.

3.2. Effect of the temperature

The dissolution solutions (in HCl or HNO3) were then mixed with a
solution of DMF (ratio 1:1) containing the organic ligand (experiments
are set up on 20mg scale). The use of DMF has revealed to be crucial to
solubilize the organic ligand in the final Acid/DMF mixture. After a
heat treatment between 20 and 100 °C for 24 h, precipitates are ob-
served for some temperatures. Materials are then isolated by cen-
trifugation and washed thoroughly with DMF and EtOH, and finally
dried in an oven (40 °C). No precipitate was observed below 70 °C.
Between 70 and 100 °C, white powders were observed at the bottom of

the flask. After digestion of the materials, the metal composition of the
precipitates was determined by ICP-OES (Fig. 2-A). Results reveal that
materials are composed in majority of Al for all temperatures and
whatever the acid used for the dissolution of the battery. By increasing
the temperature from 70 °C to 100 °C, it was observed a larger amount
of precipitate but also an increase of the quantity of impurities, up to
around 15 % of other metals that co-precipitate with Al-MOFs at 100 °C.
PXRD patterns of the different powders appear remarkably similar and
indicate a highly crystalline structure for these materials (Fig. 2-B and
-C). Matching peaks with a reported structure (Loiseau et al., 2006)
indicates the formation of the MIL-96(Al) MOF in the battery waste
solution. The formation of the MIL-96 phase, compared to other
structures composed of Al and BTC (e.g. MIL-110 or MIL-100 phases), is
coherent with the presence of acids during the formation of the mate-
rials in our conditions. MIL-110 and MIL-100 phases can be synthesized
in very highly acidic conditions (pH 0-0.3 for MIL-110 and pH 0.5-0.7
for MIL-100), whereas the MIL-96 phase can only be formed at pH
values between 1 and 3 (Volkringer et al., 2009).

Finally, the amount of MOF obtained is optimal at 90 °C, and further
analyses will be performed at this optimized temperature.

Materials were activated to fully remove impurities and solvents
from the cavities prior analyses. TGA analyses are in accordance with a
material composed as : Al12O(OH)18(H2O)5[BTC]6∼29H2O corre-
sponding to MIL-96 (Loiseau et al., 2006) (Fig. 3-A). The loss of water
molecules was observed until 200 °C (18 % weight loss) and DMF mo-
lecules until 350 °C (11 % weight loss) prior the degradation of the
framework at 400 °C with the loss of the organic ligand (44 % weight
loss) to form Al2O3 as inorganic residue (25 % (HCl) and 28 % (HNO3)).
Nitrogen uptake experiments have revealed similar specific surface area
to that reported in the literature(623m2. g-1 (HCl) and 718m2. g-1

(HNO3)), underlining the purity of the materials (Maes et al., 2010)
(Fig. 3-B). Finally, SEM images have revealed homogeneous particles
with rice grain shape of length around 400 nm (in HNO3) and 300 nm
(in HCl) (Fig. 3-C-D). Probably due to the smaller particle size of ma-
terials obtained in HCl some significant agglomeration was observed.

3.3. Ligand ratio

The quantity of ligands necessary for the precipitation has also been
studied. In our conditions, the quantity of ligand has been tested from
10–40mg with a volume of battery waste of 1ml. In all conditions, a
precipitate was observed and materials exhibit a white color, except for
30mg and 40mg of ligand in HNO3 where some blue crystals mixed to
the white powder can be observed and suggest the presence of different
MOFs.

Metal compositions of the materials have been determined by ICP-
OES after digestion of the different materials (Fig. 4-A). All materials
are composed in majority of Al as expected. In the case of a metal
precipitation in presence of HCl, the quantity of Ni and Mn inside the
material increases with an increase of ligand, but PXRD patterns of the
materials are identical to the MIL-96 pattern (Fig. SI-2). While using
HNO3 acid during the synthesis and 10–25mg of ligand, metals inside
the MOFs are composed of Al for more than 90 %. Finally, with
30–40mg of ligand, color of the powders change from white to blue
corresponding to a higher Cu precipitation inside the resulting powder
(Fig. 4-B). PXRD patterns reveal new pics (Fig. SI-2) and the structure of
the blue crystals has been solved by single crystal XRD analysis. It re-
veals the co-precipitation of a Cu based MOF with a HKUST-1 structure
in addition to the MIL-96 (Fig. 4-C).

Finally, optimal parameters to obtain materials with the higher
purity are the use of 20mg of ligands (Fig. SI-3) and a heat treatment of
90 °C in our conditions. These parameters allow to totally remove Al
from the dissolution solution with low co-precipitation of other mate-
rials, and will be used in the next part of this work.
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3.4. Multi step precipitations

After precipitation of the first MOF and precipitation of the Al, the
supernatant is recovered and a new batch of BTC ligand (20mg) was
introduced to the solution. The mixture was then heated again for an-
other 24 h to try to isolate other metals in MOFs materials. After this
second step, new precipitates indeed appeared and after analyses, the
formation of two new different MOFs was confirmed, depending on the
conditions of synthesis (HCl or HNO3).

In HCl, the PXRD pattern of the material (Fig. 5-B) reveals the
formation of a crystalline organic-inorganic material with no corre-
spondence with other materials described in the literature. This mate-
rial is composed of Ni and Mn in a 1:3 ratio (Fig. 5-A) and exhibits
square shapes with lateral size of around 1 μm (Fig. 5-D). From TGA
(Fig. 5-C), a loss of water molecules was observed from 105 °C (4 %
weight loss) and DMF molecules from 180 °C (31 % weight loss) prior to
the degradation of the framework at 290 °C with the loss of the organic
ligand (31 % weight loss) to form a metal oxide (inorganic residue of
34%). PXRD analyze of the residue has shown the presence of NiMn2O4

(Fig. SI-4). Starting from NiMn2BTC2.4DMF∼2 H2O formula a theore-
tical weigh loss of 4% of water, 32% of DMF and 38% of organic moiety
to form an inorganic residue of NiMn2O4 (26%) should be observed.
TGA profile was not in accordance with this theoretical analyze due to

the presence of amorphous impurities composed of Manganese. Taking
into account the ICP-OES analysis of the material after digestion metal
ratio of the MOF should be Mn/Ni (3:1). It is supposed the presence of
free Mn (MnCl2 or MnO2) sorbed inside the MOF cavity that is con-
verted after a heat treatment under air to Mn3O4. TGA profile is then in
accordance with a loss 4% of water (4 % obs.), 28 % of DMF (31 % obs.)
and the degradation of 36 % (31% obs.) of organic moieties from
NiMn2BTC·4DMF∼2 H2O·MnCl2 to form 32 % (34% obs.) of NiMn2O4

and amorphous Mn3O4 at 1000 °C.
In HNO3, it is observed the formation of a material, whose PXRD

pattern (Fig. 5-B) matches that of HKUST-1 (as observed during the
ligand ratio experiments discussed above) and a metal composition of
Cu-Mn (4:6) (Fig. 5-A). SEM image reveals that the material is com-
posed of small crystals (around 5 μm) with polygon shapes (Fig. 5-D).
TGA analysis (Fig. 5-C) exhibits a loss of water molecules was observed
until 160 °C (12 % weight loss) and DMF molecules until 210 °C (12%
weight loss) prior the degradation of the framework in two steps at
250 °C, with an organic weight loss of 29 %, and 297 °C with a weight
loss of 15%. The inorganic residue represented 32% of the weight and
formed of CuO and (Cu-Ni-Mn) hybrid oxide according to the PXRD
analysis of the residue (Fig. SI-5). To match to the ICP-OES analyses (1
Ni for 4 Cu and 6Mn), it is proposed the formation of two different
MOFs and, as explained previously, the presence of Manganese, salts or

Fig. 1. (A) LMN battery wastes, (B) Dissolution of battery wastes in HCl (left) and HNO3 (right), (C) Metal composition of the battery waste dissolution solutions (ICP-
OES).
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oxide, trapped inside the MOF. Starting from NiMn2BTC2·4/
3(Cu3BTC2)·4(Mn(NO3)2·H2O)·4DMF∼19H2O it is supposed a loss of
12 % of water (12 % obs.), 11 % of DMF (12 % obs.) followed by the
degradation of the mixed Cu-MOF and the Mn impurities to form CuO
and MnO2 with 32 % weight loss (29 % obs.) and finally the degrada-
tion of the Ni/Mn-MOF with a loss of 13 % (15 % obs.). The final in-
organic residues (32 %, 32 % obs.) are a mixture of CuO and a hybrid
(Cu-Ni-Mn) oxides ([Cu(Mn0.748Ni0.252)2O4], [Cu0.8Ni0.2Mn2O4]).

After reaction and centrifugation of the materials, the supernatant is
then used again for a third addition of BTC ligand (20mg) in a third
step. In this case, a very small amount of materials is recovered (around
10 % of what has been recovered for the second step). Moreover, these
materials have revealed the same compositions and structures, in both
cases (Figs. 5A and SI-6). This experiment has shown that in this con-
dition, it is no more possible to precipitate other metals.

Finally the scale-up of the reaction (by a factor 100) has been per-
formed by increasing the quantity of ligand (2 g) and the volume of the
dissolution solution (100ml). Same protocols than previously described
were used, and the process was stopped after step two. The three dif-
ferent materials obtained have been analyzed, and no difference can be
found between these materials and those obtained in smaller scale
syntheses. With 2 g of BTC and 100mL of dissolution solution, 4.5 g of
MIL-96 is synthetized. Then adding 2 more g of BTC, 5 g of Ni-Mn-MOF
or Cu-MOF are obtained depending of the acidic condition.

These quantitative results for the recycling of batteries as MOFs are

very encouraging in the perspective of scaling up this process according
to the flow scheme depicted in Fig. 6.

3.5. Economic benefit analysis

Today very few amount of LiBs are recycled because their recycling
processes are very complex with low economic benefits due to the low
price of recovered metals (e.g. 1 kg of Co cost around 30 USD in 2019).
Here we propose a proof of concept to generate high valuable materials
from spent LiBs. The requirement of energy is less to produce value-
added products compare to pyrometallurgical method which involves
very high temperature.

In Table S7, laboratory-scale economic assessments show the cost to
obtain 1 kg of MIL-96 from 3 kg of spent LiBs (first step of this recycling
process). It reveals than almost half of the cost is due to the use of DMF
and that for 1 kg of MIL-96, obtained in the first recycling step, we need
between 1300 to 1400 USD of chemicals and an extra 220 USD to ob-
tain 1 more kg of HKUST-1, in a second precipitation step. MIL-96 is not
available on the market because no company is able to synthesis this
material at large scale. Anyway the price for 1 kg of MIL-53 (obtained
with BenzeneDiCarboxylic acid as ligand and Al) is 11,080 USD and
HKUST-1 (MOF obtained in the second precipitation step in HNO3) is
21,900 USD in 2019. The protocol is not environmental friendly due to
the high quantity of acid and organic solvent used but it can be opti-
mized to decrease the cost of the valuable products and to be suitable

Fig. 2. (A) Metal composition of the precipitates obtained at different temperatures in HNO3 and in HCl. PXRD patterns of materials in HCl (B) and HNO3 (C).
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with the industry. Moreover residual wastes of this process can then be
treated to recover other metals that have not precipitate to add some
value to the recycling process.

Finally, it is difficult to compare this method with others as the
strategy is totally different but as MOFs are expensive materials and
that only a low number of them can be synthesis in large amount, we
believe that it can be considered to form such materials with wastes to
make wastes valuable. Life cycle analysis including such process can be
envisaged after the optimization of the process.

4. Conclusion

An original strategy is proposed for the recycling of Li-Ion batteries
with the production of valuable materials from wastes. Under specific
conditions, it has been possible to produce Al-MOFs with high purity
and porosity able to remove all the Al from a battery waste dissolution
solution by specific metal precipitation. In a second step, after the re-
moval of Al, two other materials can be recovered, containing high
quantity of Ni/Mn or Cu/Ni/Mn metals depending on the involved acid.
Both materials present high quality but co-precipitation of Manganese
can be observed. Where Al and Cu-MOFs are already known for their
interesting gas storage capacity (MIL-96 and HKUST-1, respectively),
the other Ni/Mn-MOF can potentially have some interest as new elec-
trode material and close the loop of a battery recycling process.

Here is presented a proof of concept that has to be optimized to
follow the industrial requirements. Moreover, this process should be
tested with other battery waste sources containing different metal ratios
or with pre-treated wastes, where connectors (Al, Cu) have already
been separated. Finally, the production of valuable materials as MOFs,
potentially in large scale, from wastes seems to be an interesting pos-
sibility to solve the production of MOFs and to reduce the volume of
battery waste.

Fig. 3. (A) TGA analyses of Al-MOFs, (B) Nitrogen uptake measurements of Al-MOFs (adsorption in solid line and desorption in dash line), (C) and (D) SEM images of
Al-MOF(HCl) and Al-MOF(HNO3), respectively.

Fig. 4. (A) Metal composition of materials obtained with different quantity of
ligand, (B) photograph of a precipitate from a mixture involving 30mg of li-
gands in HNO3 and (C) structure of the HKUST-1 material.
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