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Abstract

Global expansion of battery technology has increased the demand for metal resources but also
recovering metals from spent batteries. The Metal-Organic-Framework SU-102 was tested as
a selective adsorbent for recovery of metal ions but also its chemical stability under acidic
conditions. SU-102 was synthesized by optimizing key factors such as temperature, rection
time. The MOF was characterized by using PXRD, BET, SEM and for adsorption selectiveness
with ICP-OES. The synthesis conditions that resulted in most crystallinity was 120°C with a
reaction time of 1 hour giving a BET surface area of 406 m2/g. ICP-OES measurement showed
that SU-102 is highly selective towards Ca, Mg, Mn and less selective for Co and Ni. SU-102
was shown to be stable with HClI(aq) and less stable with the other acids. SU-102 was shown
to be selective towards Ca, Mn and Mg with high removal efficiencies and stable with HCl(aq)
but not with other acids.



Sammanfattning

Global expansion av batteriteknik har okat efterfrigan pa metallresuerser men aven for att
atervinna metaller fran forbrukade batterier. Metal-Organic-Framework Su-102 testades som
en selektiv adsorbent far atervinning av metalljoner och dven dess kemiska stabilitet under
sura forhallanden. SU-102 syntetiserades genom att optimera nyckelfaktorer som temperatur,
reaktionstid. MOF karakteriserades med hjalp av PXRD, BET, SEM och for selektivitet genom
adsorption med ICP-OES. De syntesfaktorer som visade mest kristallinet var 120° med en
reaktionstid pa 1 timme och en BET-yta pa 406 m2/g. ICP-OES analysen visade att SU-102 ar
mycket selektiv mot Ca, Mg, Mn och mindre selektiv for Co och Ni. SU-012 visade sig vara
stabil i kontakt med HCl(aq) och mindre stabil med de andra syrorna. SU-102 visade sig
Vaara selektiv mot Ca, Mn och Mg med hog borttagningseffektivitet och stabil i kontakt med
HCl(aq) men inte med andra syror.
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1 Introduction

The rapid global expansion of battery technologies, driven by the transition toward electric
vehicles and energy storage systems, has increased the demand for critical metal resources such
as lithium, cobalt, nickel, and manganese.(Nykvist et al., 2026). This growing demand is largely
supplied by mining activities, which are associated with environmental concerns, including
high energy consumption, greenhouse gas emissions, and resource depletion. In addition, the
mining of metals is associated with ethical and geopolitical concerns. Cobalt extraction is
concentrated in regions such as the Democratic Republic of Congo, where these activities have
been reported to be linked to unsafe labour conditions. At the same time, the growing
consumption of batteries generates substantial volumes of end-of-life batteries, raising waste-
management challenges and resource-supply concerns. Therefore, recycling spent batteries is
essential to address these concerns and challenges, and to secure a stable supply of valuable
metals. However, the development of efficient and selective methods for recovering valuable
metals from complex battery-recycling leachates, which often contain multiple competing ions
and impurities under acidic conditions, remains an important technological challenge.

As efficient and selective materials for metal recovery, various porous materials, such as
activated carbon and Zeolites have been investigated.(Wei et al.,2025).Metal-organic
frameworks (MOFs) are one class of porous materials constructed from metal nodes linked by
organic linkers.(Tan et al., 2023). MOFs have been applied in separation, adsorption, and
catalysis.(Raghav et al., 2026). The advantages of MOFs are that they offer high surface areas,
tunable pore structures and customizable chemical functionality by altering the metal nodes
and organic linkers.(Tan et al., 2023). These features enable the design of MOFs with pore
structures that exhibit strong and selective interactions toward specific target ions

SU-102 (a zirconium-based MOF) is considered a potential adsorbent for the selective recovery
of metal ions from battery-recycling leachates. SU-102 has an anionic framework structure that
allows for strong interactions with multivalent cations.(Kanlayaprasit et al., 2025). It also
exhibits excellent water and chemical stability (from pH 2 to 13), enabling its use under harsh
aqueous conditions.(Svensson Grape et al., 2023). In addition, it is a green MOF synthesized
from ellagic acid, a natural compound found in pomegranate, making it an environmentally
friendly material.(Rastin et al., 2025). Therefore, in this project, SU-102 is investigated under
various acidic conditions for the selective recovery of manganese (Mn), cobalt (Co), nickel (Ni),
as well as calcium (Ca) and magnesium (Mg), which are often present as impurities in battery-
recycling streams. This study evaluates its adsorption performance and provides insight into
the potential of SU-102 for selective and efficient metal recovery in next-generation battery
recycling processes.



2 Background

2.1 Metal- Organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) is a rapidly expanding class of crystalline porous material
formed by coordination between metal ions or metal clusters and organic linker. MOFs have
high internal surface area and, in some cases, exceeding 6,000 m2/ g and 90 % free volume.
(Zhou et al., 2012). The structural ability of MOFs gives many uses as adsorbents in
wastewater treatment. With its high surface area, it can be used to adsorb toxic waste and
metal ions. By selecting an organic linker, the MOF can be made more selective for targeted
adsorption.(Li et al., 2019).

2.1.1 Organic Linker

Organic linkers are an organic molecule that can bind to specific functional groups, and it can
coordinate with different kinds of metallic ions and connect them to the MOFS pores. In
figure 1 the organic linker ellagic acid is shown.(Li et al., 2019).

ellagic acid
Figure 1 Ellagic acid. Created in Chemdraw.

2.2 Zirconium based MOFs

Zirconium based MOFs have a great stability to work in aqueous and acidic environments. Zr
MOFs have been used to remove acid organic dye from wastewater because of its great
stability and chemical properties and its ability to replace current porous materials used in
wastewater treatment.(Zhang et al., 2017). Zirconium based MOF have shown also to be able
to remove F- very efficiently specifically UiO-66(Zr).(Zhao et al., 2014). The reason because
these MOFs have shown to have great stability in water is because of the Zr-O bonds and their
ability to remove different metal ions or many other type of pollution. The MOF can be very
selective by choosing a specific organic linker. (Yuan et al., 2021).

2.3 Powder X-ray Diffraction (PXRD)

PXRD was used to confirm crystallization. PXRD uses the principle of diffraction. See figure
2. Diffraction happens when light is disoriented by atoms in a crystal that are periodically
arranged. When the X-ray wavelength is scattered from the atoms, it creates a diffraction
pattern that holds information about the arrangement in the crystal. Diffraction pattern is
plots the intensity at X-axis and the angel of detector. The result of an analysis Is shown as
diffractogram (figure 2). The fundamental equation used in PXRD to determine the spacing
between atomic planes is Bragg’s Law. (see equation 1).(Chauhan, 2014; Gonzalez, 2012).

nl = 2dsin@ (1)



n is the order of the reflection, 1 is the wavelength of the X-ray beam, d is the distance
between the crystal lattice planes, 6 is the angle of incidence where diffraction occurs.

Figure 2: Powder X-ray Diffractor instrument.
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Figure 3: Example of a PXRD pattern



2.4 Brunauer-Emmet-Teller (BET) method

The BET method was used to determinate the specific surface area of solid material. The
method is based on adsorption of gas molecules onto the surface of the solid material. Bet
uses nitrogen as an inert gas and a constant temperature of 77K. To determine the surface
area of the solid adsorbent the BET equation is applied se equation 2. (Ladavos et al., 2012).

v _ C(P/po)
Vin [1+(C—1)(P/p0)][1_(P/P0]

(2)

V is the volume of gas adsorbed at the pressure P, Vy, is the volume of gas that form a
monolayer on the surface. P is the pressure of the adsorbate gas, Po is the saturation pressure
of the gas and C is the BET constant that is related to the energy that was used for adsorption.

2.5 Field emission Scanning electron microscopy (FE-SEM)

FE-SEM was used for capturing images of the microstructure of the SU-102 MOF. The
electrons from the beam are accelerated through magnetic lenses. When the electrons contact
the sample electrons are released and captured by a detector. The electrons are used to make
a signal that is used to make the picture. Figure 4 shows how FE-SEM functions. (Kumar et
al., 2023).
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Figure 4 Fe-SEM (Kumar et al., 2023).



3 Method

The synthesis of MOF SU-102 was done according to the methods used in (Svensson Grape et
al., 2023).

3.1 Synthesis MOF usage

The SU-102 was synthesized with 2 ml DMF, 1 ml deionized water and 1.5 ml acetic acid that
was poured into a 15 ml borosilicate glass. 60 mg of ellagic acid and 32 mg of ZrOCl.-8H.O
was then added to the same borosilicate glass and sealed with a cap. It was then heated to 80
°C for 48 hours in an oil bath. The remaining contents were then centrifuged for 10 min. The
solid was then dried at 80 °C overnight. The solid weighed 74 mg, corresponding to 95% of
the theoretical yield of 78 mg.

3.2 Method optimizing of SU-102

The optimization for the synthesis of SU-102 contained three factors Temperature, reaction
time and cleaning of MOF. The cleaning refers to the sample being put In a centrifuge for 15
minutes 3 times.

Table 1 shows the factors that were changed during the method optimization.

Test Temperature Reaction time Cleaning of Scale [-]
[°C] [Hour] MOF [-]

1 80 48 - -

2 8o 72 - -

3 120 1 X -

4 120 1 X 5 times

3.2.1 Longer reaction time

The SU-102 was synthesized by first putting in 60 mg of ellagic acid and 31 mg of
ZrOCl,-8H.0. Then 2 ml DMF, 1 ml deionized water and 1.5 ml acetic acid was poured into
the glass. It was then heated to 80 °C for 72 hours. The solid was then weight to 120 mg which is
160% of the theoretical yield of 75,5 mg.

3.2.2 Shorter reaction time with higher temperature

The SU-102 was synthesized by first putting in 61 mg of ellagic acid and 32 mg of
ZrOCl,-8H,0. Then 2 ml DMF, 1 ml deionized water and 1.5 ml acetic acid was poured into
the glass. The glass was then heated to 120 °C in an oil bath for 1 hour and the remaining contents
were then centrifuged for 10 minutes. The solid was den dried overnight in 80 °C. The solid weight
was then 110.4 mg, which is 141% of the theoretical yield of 79,9 mg.

A second test of the 120 °C experiment was done because of the high yield% and a other scale was
used. The Su-102 was synthesized by first putting in 60.17 mg of ellagic acid and 32.18 mg of
ZrOCl,-8H,0. The 2 ml DMF, 1 ml deionized water and 1,5 ml acetic acid were poured into the
glass. The glass was then heated to 120 °C in an oil bath for 1 hour and the remining contents where
then centrifuged for 15 minutes. The sample was then dried in the oven in 80°C overnight. The solid
weight was then 41,25 mg which is 53% of the theoretical yield of 78 mg.



3.2.3 High temperature with 5-time scale

The synthesis was done with 300,1 mg of ellagic acid and with 160,2 mg of ZrOCl,-8H.0.
Then 10 ml of DMF, 5 ml deionized water and 7,5 ml of acetic acid were poured into the round
glass. The round glass was then heated to 120°C in a oil bath for 1 hour and the remaining content
was the centrifuged for 15 minutes. The sample was then dried overnight in an 80°C oven. The solid
weight was 748,62 mg

3.2.4 Cleaning of SU-102

Both samples were put in the centrifuge with water for 15 minutes and this process was done
3 times.

3.3 Stability test

Five acids with a concentration of 1 M and pH just above 1 were made to test the stability of
the MOF. Those acids were HCl(aq), sulfuric acid(aq), citric acid(aq), MSA(aq) and oxalic
acid(aq). 10 mg of the MOF was put in contact with the acids. Then after 24 hours the reaction
was stopped, and the samples were dried for 24 hours the phase of the MOF was then
identified with PXRD.

L8] OH ]
] O i
—IEI—GH H-Cl
HO H OH 8] HCI
Methanesulfonic acid
Citric acid

0 O
HO-5-0H Hoj‘)'LGH
O )

Sulfuric acid oxallc acid

Figure 5 Chemicals structure of the acids used in stability test. Created in Chemdraw.



3.4 Inductively Coupled Plasma -Optical Emission Spectrometry (ICP-OES)

preparation

ICP-OES was done with the five standards, manganese, calcium, magnesium, nickel and
cobalt with the concentration range of 0.5, 1, 5, 10, 25, 50, 100 mg/L. Then five samples were
made with the same metals of 1 M. Then for each metal a sample not containing the MOF was
taken and afterwards the MOF was put in and separated using a filter. A sample of each metal
solution was taken in time intervals of 30 min, 1 hour, and 3 hours. Table 2 shows the pore
size and hydration enthalpy for each metal. (Absolute Enthalpies of Hydration of Gaseous
Ions, n.d.; Haynes, 2016).

Table 1 The Electron charge, Ionic radius and Hydration enthalpy

Metal Electron charge Tonic radius (A) Hydration enthalpy
(AH°(Kj/mol)

Ca 2+ 1 -1579

Mg 2+ 0,72 -1926

Mn 2+ 0,83 -1851

Co 2+ 0,65 -2010

Ni 2+ 0,69 -2096




4 Results and discussion

The crystallinity and phases of the synthesized materials were evaluated by comparison with
Figure 6, 7, and 8. Figure 6 shows the simulated PXRD pattern of SU-102, generated from the

crystal structure reported in Svensson Grape et al., 2023.
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Figure 6. Simulated PXRD pattern of SU-102

Figures 7 and 8 show the PXRD pattern of the starting materials, zirconium chloride and ellagic acid,
respectively.

Zirconium chloride

Intensity[a.u.]
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Figure 7 PXRD pattern of zirconium chloride



Ellagic acid
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Figure 8 PXRD pattern of ellagic acid

4.1 Method optimization

The first synthesis of SU-102 was conducted at 80 °C for 48 hours according to the method
reported in (Svensson Grape et al., 2023). The result showed that the reaction was
incomplete, as evidenced by the difference between the PXRD patterns in figure 6 and 9.
Figure 9 shows peaks corresponding to those of ZrOCl.-8H.0 and ellagic acid (see figure 7
and 8). Which means that there were unreacted starting materials.

80°C and reaction time 48 hours

Intensity[a.u.]

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
26[°]

Figure 9 PXRD pattern of the first material synthesized at 80 °C for 48 hours.



To optimize the synthesis, temperature and reaction time were adjusted. The reaction time
was first increased from 48 to 72 hours to allow the previously unreacted starting materials to
fully react. Figure 10 shows the PXRD pattern of the second synthesis conducted at 80 °C for
72 hours. The PXRD pattern shows an improved crystallinity and peak positions more closely
matching with figure 6 (Simulated PXRD pattern of SU-102). No peaks corresponding to
ellagic acid and zirconium chloride (see figure 7 and 8) were observed, indicating the starting

materials were fully reacted.

80 °C and reaction time 72 hours

Intensity[a.u.]
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Figure 10 PXRD pattern of the second material synthesized at 80 °C for 72 hours.

120°C and reaction time 1 hour

Intensity[a.u.]
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26[°]

Figure 11 PXRD pattern of the third material synthesized at 120 °C for 1 hour.

To reduce the synthesis time, the temperature was increased from 80 to 120 °C. The third
synthesis was conducted at 120 °C for 1 hour (see figure 11). A cleaning step after synthesis
was added to remove any unreacted starting materials. The PXRD pattern of the third
synthesis shows the best crystallinity and phase purity (see figure 6 and 11). Therefore, the
fourth synthesis was conducted with the same condition as the third synthesis but with 5
times scaled up. The PXRD pattern of the fourth synthesis keeps the best crystallinity and
phase purity of SU-102 (see figure 12). The synthesized SU-102 was used for further
characterizations and metal adsorption tests.
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120°C, 5 times scale and reaction time 1 hour

Intensity[a.u.]
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Figure 12 PXRD pattern of the fourth material synthesized at 120 °C for 1 hour.

42 SEM

SEM (see figure 13) shows that SU-102 has a homogeneous needle-like morphology, further supporting
the successful synthesis of SU-102, consistent with the PXRD results indicating the absence of
unreacted starting materials.
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Figure 13 FE-SEM picture of SU-102
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43 BET

The porosity and surface area of the synthesized SU-102 were conformed by a N2 sorption
isotherm recorded at 77 K. BET surface area analysis gave a surface area of 406 m2/g.
Therefore, the synthesized SU-102 was considered as a porous material and prepared for the
metal adsorption experiments.

BET isotherem
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Figure 14 BET surface area of the synthesized SU-102.

4.4 Stability test

The stability test gave mixed results where only HCl(aq) gave a PXRD pattern corresponding
to the synthesis pattern. See figure 12 and 19. The other tests gave PXRD patterns that don’t
match figure 12. One reason can be because of the carboxylic groups on the acids. The acids
containing the group are citric acid and oxalic acids see figure 5. The carboxylic group can
react with the zirconium ions and break up the molecule structure of SU-102. The SU-102 was
not stable with MSA either and that might be because of the sulfonic group see figure 5. The
sulfonic group reacted with zirconium ions and broke the molecular structure. SU-102 is not
stable with acids that have groups that can give protons. The stability test with sulfuric acid
gave also a PXRD pattern not corresponding with the synthesis pattern. Figure 12 see figure
17. One explanation can be that it also gave a proton that broke up the structure but also that
SU-102 hadn’t reacted long enough with sulfuric acid. One thing to note is that the stability
test was done in very acidic conditions where the pH is just above 1.

12



Citric acid

Intensity[a.u.]

5 7 9 11 13 15 17 19 21 23 25 27 30 32 34 36 38 40
26[°]

Figure 15 PXRD pattern of the synthesized SU-102 after stability test in contact with citric acid.

Oxalic acid
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Figure 16 PXRD pattern of the synthesized SU-102 after stability test in contact with oxalic acid.

Sulfuric acid
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Figure 17 PXRD pattern of the synthesized SU-102 after stability test in contact with sulfuric acid.
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MSA
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Figure 18 PXRD pattern of the synthesized SU-102 after stability test in contact with MSA.

HCI stability test
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Figure 19 PXRD pattern of the synthesized SU-102 after stability test in contact with HCL

4.5 ICP-OES

Figure 22 shows ICP-OES results for metal removal efficiency using two different masses of
synthesized SU-102. The calculated initial concentrations were calculated with a dilution
factor of 1000. The initial concentration of each metal were, Mn =50,1 g/kg, Ca= 35,8 g/kg,
Mg= 24 g/kg, Co= 52,2 g/kg and Ni= 60,5 g/kg, corresponding to approximately to 1 M.
Using 10 mg of SU-102 resulted in removal efficiencies of approximately 5% for Mg, 3% for
Ca, 7% for Mn, 2% for Co, and 4% for Ni. Increasing the amount to 100 mg improved the
removal efficiencies to 100% for Ca, 80% for Mg, 100% for Mn, 20% for Co, and 50% for Ni.
See figure 20. Table 3 summarizes the adsorption capabilities of synthesized SU-102 at two
different masses 10 mg and 100mg. For Ca, the removal efficiency increased from 2,3% at 10
mg to 100% at 100 mg, while the adsorption capacity increased from 280 to 1200 mg/g. The
adsorption capacity of Mg doubled from 4,7 to 8 mg/g, with a 75% increase in removal
efficiency. Similarly, Mn showed an increase in adsorption capacity from 18 to 40 mg/g, with
a removal efficiency reaching 99,99%. For Co, the adsorption capacity increased from 0,6 to
0,98 mg/g, and the removal efficiency from 1% to 17%. Ni showed adsorption capacity from
0,6 to 0,75 mg/g and removal efficiency from 4% to 52% (see table 2).

14



The ICP-OES result showed that the performance of SU-102 dependends both on the amount
of MOF used and the type of metal ion. For Ca, only 2,3% was removed with 10 mg of SU-102,
corresponding to an adsorption capacity of 280 mg/g, whereas complete removal 100% was
achieved with 100 mg, along with an increased adsorption capacity of 1200 mg/g. This
suggests a strong affinity of SU-102 for Ca. For Mg, the adsorption capacity nearly doubled
from 4,7 to 8 mg/g, while the removal efficiency increased from 5% to 80%. One possible
explanation for the lower removal efficiency of Mg compared to Ca at higher MOF loading is
its higher hydration enthalpies. Both Ca and Mn were almost completely removed (100%)
when 100 mg of SU-102 was used, whereas only 2,3% of Ca and 4,5% of Mn were removed
with 10 mg. Although Ca shows a higher adsorption capacity than Mn (see table 3), both
metals show high removal efficiencies at higher MOF loading. This can be attributed to their
lower hydration enthalpies. Ni and Co have similar hydration enthalpies, however, Ni was
removed more efficiently than Co.

Removal % with diffrent masses of SU-102

100
90
80
70
60
50
40
30
20
10 I
— | [ | - [ |
Ca Mg Mn Co

E10 mg M1o0mg

Removal%

Figure 20 Removal efficiencies of different metals using two amounts of SU-102 (10 mg and 100 mg).
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Table 3 Mass of SU-102 and corresponding adsorption capacities and removal efficiencies.

Ca 10 280 2,3
Ca 100 1200 100
Mg 10 4,7 5]

Mg 100 8 80
Mn 10 18 4,5
Mn 100 40 99,99
Co 10 0,6 1

Co 100 0,98 17

Ni 10 0,6 4

Ni 100 0,75 52
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5 Conclusion

The optimized synthesis method was 120°C and reaction time of 1 hour because it gave the
better crystallization and the most corresponding PXRD pattern to the references. BET
showed that SU-102 has a high surface area of 406 m2/g and porous structure which makes it
accessible for adsorption. Under acidic conditions with pH of 1 SU-102 was shown as unstable
in contact with citric acid. Oxalic acid, sulfuric acid and MSA. SU-102 was most stable with
HCl where the PXRD pattern was identical to synthesis pattern. SU-102 showed itself to be
selective towards Ca, Mg and Mn because of the high removal efficiency and less selective
towards Ni and Co. The reason for SU-102 being less selective towards Ni and Co could be
because of their high hydration enthalpy which makes it harder to adsorb under the
appropriated conditions.
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