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ABSTRACT: The growing demand for Li-ions batteries (LIBs) has 
made their postconsumer recycling an imperative need towards the 
recovery of valuable metals, such as cobalt and nickel. Nevertheless, 
their recovery and separation from active cathode materials in LIBs, 
via an efficient and environmentally friendly process, have remained 
a challenge. In this work, we approach a simple and green method 
for the selective separation of nickel ions from mixed cobalt-nickel 
aqueous solutions under mild conditions. We discovered that the bi-
oinspired microporous metal–organic framework (MOF), 
Bi2O(H2O)2(C14H2O8)∙nH2O is a selective sorbent towards Ni(II) ions 
at pH 5-7, but does not adsorb Co(II) ions. According to the Freun-
dlich isotherm, the adsorption capacity towards Ni(II) reached 100.9 
mg∙g−1, while a near-zero adsorption capacity was found for Co(II) ions. Ni(II) removal from aqueous solutions was performed at 
mild conditions (22 °C and pH 5), with a high yield up to 96%. Presence on Ni(II) ions adsorbed on the surface of the material has 
been proven by solid state 1H nuclear magnetic resonance (NMR) spectroscopy. Finally, separation of Ni(II) from Co(II) from binary 
solutions was obtained with approximately 30% yield for Ni(II), with a near-zero adsorption of Co(II), which has been demonstrated 
by UV-Vis spectroscopy. These results offer a green pathway toward the recycling and separation of valuable metals from cobalt-
containing LIBs, while providing a sustainable route for waste valorization in a circular economy. 

INTRODUCTION 
Cobalt and nickel are one of the most common 

components of cathode materials in lithium-ion batteries 
(LIBs) in the form of lithium-metal oxides. These metals  
are found together in lithium nickel manganese cobalt ox-
ide (NMC) or lithium nickel cobalt aluminium oxide 
(NCA) cathodes.1,2 The European Commission predicts 
that the demand for cobalt supply related to LIBs produc-
tion will increase 5 times in 2030 and 15 times in 2050, 
comparatively to the current supply to EU countries. Co-
balt has already been classified as a critical raw material 
(CRM), while nickel is under observation due to rising req-
uisition of LIBs for energy storage and electric vehicle bat-
teries.3 Depletion of natural deposits of cobalt and nickel 
may result in a global shortage for future prospects. Hence, 
the recovery of these elements is currently of high im-
portance. The majority of electronic wastes containing 
many precious elements is however not recycled, while the 
permeation of toxic elements may have direct conse-
quences for the natural environment.4,5 

Sustainable methods for the recycling of LIBs 
have received recently high interest. However, conven-
tional industrial processes still implement non-green meth-
ods, i.e. high temperature processes and toxic chemicals, 
and do not ensure the same purity grade as the starting ma-
terials for synthesis of active electrode materials. In addi-
tion, these processes often leads to the formation of waste 
byproducts, which in turn may present hazardous effects to 

the natural environment.6,7 After proper mechanical pro-
cessing, e.g. discharging and dismantling, NMC and NCA 
cathode materials are usually treated with mineral acids 
and separated from the solid fraction by filtration. The 
leachates obtained in these processes comprise mixtures of 
cobalt, nickel and manganese or aluminium salts. The sep-
aration of these ions is generally performed via hydromet-
allurgical methods, like solvent extraction8–10, precipita-
tion11,12 and ion exchange.13,14 These techniques usually 
implement highly toxic organic solvents, while operating 
at harsh conditions and requiring additional separation 
steps. In sum, the current existing methods in industrial 
processes do not follow the principles of green chemistry, 
while being time-consuming.15,16  

Adsorption is a highly efficient surface process to 
remove target components from solutions. This method 
predominates over the aforementioned alternatives due to 
its capacity to operate under mild conditions, therefore 
minimizing the implementation of bulk chemicals.17 This 
method can be applied for the removal of metal ions18, 
dyes19 and organic compounds20 from wastewaters, with 
high effectiveness even for very low concentrations. Ad-
sorption has been also implemented as a step process in co-
balt ions recovery from LIBs.21 Although many different 
sorbents have been applied for cobalt and nickel recov-
ery22–25, the most part fail in terms of selectivity towards 
any of them. Thus, these sorbents still need to undergo ad-
ditional processes in order to separate the metals ions, 
whenever this is possible. In this context, the development 



of sustainable methods for the selective separation of metal 
ions from water solutions has become crucial and urgent. 

Metal-organic frameworks (MOFs) are hybrid po-
rous materials comprised of metal ions or clusters and or-
ganic ligands. Over the past two decades, these materials 
gained much scientific interest due to their broad range of 
application, i.e. catalysis, hydrogen storage, carbon cap-
ture, semiconductors, drug delivery systems and biological 
imaging and sensing.26–33 As sorbents, they have been in-
vestigated for the adsorption of dyes34, H2

35, O2
36 and CO2

37 
gases, as well as heavy metals38 from aqueous solutions. 
Recently, we have reported on the green synthesis of a bis-
muth ellagate MOF, by using non-hazardous chemicals in 
a simple synthesis process under ambient conditions. Be-
sides a high chemical stability, this MOF presents interest-
ing physico-chemical and surface properties, which place 
it as a material with a great potential towards heavy metal 
ion recycling.39 

In this work, bismuth ellagate 
Bi2O(H2O)2(C14H2O8)∙nH2O MOF (SU-101) has been in-
vestigated as a selective agent for Ni(II) removal from 
mixed cobalt-nickel aqueous solutions. Ni(II) adsorption 
kinetics have been determined using pseudo-first and 
pseudo-second order reaction equations. The possibility of 
intraparticle diffusion has been verified, while Langmuir, 
Freundlich and Temkin models have been applied to inves-
tigate the isotherm model of Ni(II) adsorption. This green 
MOF realizes as such Co-Ni separation at room tempera-
ture, yielding the opportunity to recover cobalt as the most 
important metal from cathode materials in LIBs. 

 
EXPERIMENTAL SECTION 
Materials  
1-nitroso-2-naphthol-3,6-disulfonic acid sodium salt hydrate 
(pure, indicator grade), sodium tetraborate (98%), ellagic acid 
(97%), acetic acid (99.7%), 4-(2′-pyridylazo)resorcinol (97+%, 
ACS) and dimethylglyoxime (99+%) were obtained from Acros 
Organics, Belgium. Nickel(II) nitrate hexahydrate (98%), co-
balt(II) nitrate hexahydrate (98%) and bismuth acetate (99%) 
were obtained from Alfa Aesar, USA. Ethanol absolute, sodium 
chloride (min. 99.8%), sodium acetate (99.8%), hydrochloric 
acid (37%), nitric acid (65%) and ammonia (25%) were ob-
tained from VWR, USA. Sodium hydroxide (98–100.5%) and 
toluene (≥99.7%) were obtained from Honeywell, USA. Iodine 
solution (0.05 M) was obtained from Merck, USA.  
Methods 

Synthesis procedure and characterization of 
Bi2O(H2O)2(C14H2O8)∙nH2O (SU-101) MOF are described in 
detail in a previous work.39 Briefly, ellagic acid and bismuth 
acetate were added to 6% acetic acid mixture with water and 
stirred at room temperature for 48 h. Next, the suspension was 
centrifuged at 8000 rpm for 10 min and dried overnight in a 
circulating oven (60 °C). A fine powder of bismuth ellagate 
metal-organic was obtained with a yield of 76%. The pH of 
point zero charge (pHpzc) for SU-101 has been investigated via 
the pH drift method, using 0.01 M NaCl solutions with pH rang-
ing from 2 to 12. To 5 mL of each solution, 20 mg of the SU-
101 was suspended, shaken for 24 h, filtered, after which the 
final pH was measured. 
Batch adsorption experiments were conducted by suspending 
0.1 g of SU-101 in 25 mL of cobalt(II) nitrate or nickel(II) ni-
trate solutions in 100 mL flasks, which were shaken for a given 
time in a Heidolph Unimax 1010 incubating shaker (Germany), 
at 180 rpm and 22 °C. The pH influence on adsorption was eval-
uated by preparing solutions containing 50 mg∙L−1 of Co(II) or 

Ni(II) and adjusting  the pH from 2 to 8 with 0.01 M HNO3 and 
0.01 M NH4OH solutions. Isotherms have been evaluated with 
solutions of initial concentration of 2 – 80 mg∙L−1 at pH 2.0 and 
5.0 for Co(II) and concentration of 2 – 520 mg∙L−1 at pH 5.0 and 
7.0 for Ni(II) ions. The equilibrium time needed for the adsorp-
tion was investigated by suspending the sorbent in 50 and 100 
mg∙L−1 Co(II) or Ni(II) solutions for 0.25 to 24 h. The final con-
centration of metal ions was determined by methods described 
by Marchenko40, using a UV-3100PC spectrophotometer 
(VWR, USA). Absorbance was measured by the formation of 
Co(II) complexes with 4-(2′-pyridylazo)resorcinol (at 500 nm) 
and Ni(II) complexes with dimethylglyoxime (at 470 nm). The 
adsorption capacity (qeq) was calculated using the Equation (1): 

𝒒𝒆𝒒 =
#𝑪𝟎%𝑪𝒆𝒒&𝑽

𝒎
           (1) 

where C0 is the initial metal concentration (mg∙L−1), Ceq is the 
equilibrium metal concentration (mg∙L−1), V is the sample vol-
ume (L) and m is the sorbent mass (g). To investigate the mech-
anism behind the adsorption of Ni(II) ions, three isotherm mod-
els were determined: Langmuir, Freundlich and Temkin. In 
Langmuir model, the adsorption occurs on a homogenous sur-
face layer (monolayer), in which adsorbed components do not 
interact with each other. The Langmuir model can be expressed 
as follows: 
𝑪𝒆𝒒
𝒒𝒆𝒒

= 𝑪𝒆𝒒
𝒒𝟎
+ 𝟏

𝑲𝑳𝒒𝟎
           (2) 

where Ceq is the equilibrium concentration of metal ions 
(mg∙L−1), qeq is the amount of the adsorbed ions (mg∙g−1), q0 is 
the sorption capacity (mg∙g−1) and KL is the equilibrium constant 
(L∙mg−1). Langmuir isotherm can be also expressed with a di-
mensionless separating factor RL: 

𝑹𝑳 =
𝟏

𝟏,𝑲𝑳𝑪𝟎
           (3) 

where C0 is the initial concentration of adsorbate (mg∙g−1). 
Freundlich model describes multilayer adsorptions, and can be 
expressed as: 

𝐥𝐨𝐠𝒒𝒆𝒒 = 𝐥𝐨𝐠𝑲𝑭 +
𝟏
𝒏
𝐥𝐨𝐠𝑪𝒆𝒒          (4) 

where KF and n are the Freundlich constants of sorption capac-
ity (L∙mg−1) and sorption intensity respectively. 
Temkin model has been calculated with following equation: 

𝑪𝑺 =
𝑹𝑻
𝒃𝑻
𝐥𝐧𝑲𝑻 +

𝑹𝑻
𝒃𝑻
𝒍𝒏𝑪𝒆𝒒         (5)  

where CS is the concentration of metal in solid phase (mol∙g−1), 
KT is the model constant (L∙g−1), R is the gas constant (8.314 
J∙mol−1∙K−1), T is the absolute temperature (K), bT is the heat of 
adsorption (J∙mol−1) and Ceq is the equilibrium metal concentra-
tion in aqueous phase (mol∙L−1).23,41 

Kinetics of Ni(II) adsorption has been checked using 
pseudo-first and pseudo-second order models. The intraparticle 
diffusion of the adsorption has been also verified. Pseudo-first 
and pseudo-second order models were calculated using the fol-
lowing equations.  

Pseudo-first order equation:  

𝒍𝒐𝒈/𝒒𝒆𝒒 − 𝒒𝒕1𝒍𝒐𝒈𝒒𝒆𝒒 −
𝒌𝟏𝒕
𝟐.𝟑𝟎𝟑

         (6) 

Pseudo-second order equation: 

𝒕
𝒒𝒕
= 𝟏

𝒌𝟐𝒒𝒆𝒒𝟐
+ 𝒕

𝒒𝒆𝒒
          (7)  



where qeq and qt are the adsorption capacities (mg∙g−1) at equi-
librium and at any instant time of t respectively, k1 is the rate 
constant of the pseudo-first order reaction (1∙min−1) and k2 is the 
rate constant of pseudo-second order reaction 
(g∙mg−1∙min−1).23,42 

The Weber and Morris equation has been applied to examine 
whether intraparticle diffusion occurs: 

𝒒𝒕 = 𝑲𝑰𝑷𝑫𝒕𝟎.𝟓 + 𝑪         (8) 

where KIPD is the intraparticle diffusion rate (mg∙g−1∙min−0.5) 
and C is a constant.23,43 

The separation of Ni(II) from Co(II) via adsorption 
was evaluated by stirring mixed cobalt-nickel solutions, which 
contained 4 and 10 mg∙L−1 of each metal, for 24 h with 0.1 g of 
SU-101 sorbent at 22°C. After that, solutions were filtered and 
the final concentration of Ni(II) and Co(II) was determined by 
placing 2 mL of samples in 25 mL flasks, to which 5 mL of 0.5 
mmol∙L−1-nitroso-2-naphthol-3,6-disulfonic acid sodium salt 
(nitroso-R salt) and 7.5 mL of acetate buffer (pH 5.5) were 
added and filled with water up to 25 mL. Then UV-Vis spectra 
of the samples were collected from 800 to 350 nm using an UV-
Vis spectrophotometer. Simultaneous determination of these 
two metal ions in this study was based on the method proposed 
by Zhou et al.44. 

The 1H magic angle spinning (MAS) nuclear magnetic 
resonance (NMR) experiments were performed at the magnetic 
field B0 = 14.1 T (Larmor frequency of 600.12 MHz) and MAS 
rate vr = 60.00 kHz on a Bruker Avance-III spectrometer 
equipped with 1.3 mm MAS probehead. The 1H acquisitions 
involved rotor-synchronized, double-adiabatic spin-echo 
sequence with 90° 1.25 μs excitation pulse followed by two 
50.0 μs tanh/tan high-power adiabatic pulses (SHAPs) with 5 
MHz frequency sweep.45,46 All pulses operated at the nutation 
frequency vnut = 200 kHz. 128 signal transients with 5 s 
relaxation delay were accumulated for each spectrum. Shifts 
were referenced with respect to neat tetramethylsilane (TMS). 
 
RESULTS AND DISCUSSION  

In a previous work, it has been found that SU-101 is 
chemically stable in the pH range from 2 to 14.39 The pHpzc re-
veals at which pH the surface of the material is neutral, i.e., 
same number of positive and negative charges. When the pH is 
below the pHpzc, the material’s surface is positively charged, 
whereas if the pH is above pHpzc the surface is negatively 
charged.47 The pH of point zero charge for SU-101 was found 
to be 2.29 (Figure S1 in Electronic Supplementary Information, 
ESI), which means that pH values above pHpzc favour the ad-
sorption of positively charged metal ions. Initially, batch ad-
sorption experiments with respect to pH were conducted (Fig-
ure 1). For Co(II) ions, the highest sorption capacity was ob-
tained at pH 2.0 (6.52 mg∙g−1, 36.5% efficiency), whilst for 
nickel(II) ions the highest capacity was found at pH 8.0 (14.6 
mg∙g−1, 80.5%). However the most interesting results were ob-
tained at pH 5.0, where Ni(II) sorption starts to equilibrate, 
reaching 14.2 mg∙g−1 (78.9% efficiency), while Co(II) adsorp-
tion is near-zero (0.08 mg∙g−1, 0.4% efficiency). Due to the se-
lectivity for Ni(II) sorption over Co(II) ions, further studies at 
pH 5.0 were carried out in mixed cobalt-nickel solutions, in or-
der to verify the selectivity of SU-101 towards Ni(II).  Addi-
tional experiments at pH 2.0 for Co(II) and 7.0 for Ni(II) were 
also carried out for the isolated ions.  

Figure 1. Effect of initial pH on adsorption of cobalt and 
nickel ions. 

 

Figure 2. Adsorption isotherms of nickel ions on SU-101. 

Isotherms for Co(II) adsorption were measured at pH 
2.0 and 5.0, at 22°C, for 3 h (Figure S2 in ESI). Poor sorption 
capacities at both pH values indicate that SU-101 is not suitable 
to remove Co(II) ions from aqueous solutions. Conversely, a 
high sorption capacity of 100.9 mg∙g−1 (87.3% efficiency) was 
found for Ni(II) at pH 5.0; at pH 7.0, the maximal capacity de-
creased to 23.3 mg∙g−1 after 3 h (Figure 2). In literature, one can 
find numerous reports on sorbents for Ni(II) ions with higher 
maximal capacity, e.g. modified silica (172.4 mg∙g−1)23, acti-
vated carbon (140.85 mg∙g−1)48 or algae (181.2 mg∙g−1)49. Nev-
ertheless, SU-101 demonstrates a notable selectivity towards 
Ni(II) ions over Co(II) ions, while other reported sorbents usu-
ally adsorb indistinctly both metal ions. Isotherm models have 
been calculated for Ni(II) adsorption at pH 5.0, and the param-
eters are shown in Table 1 and Figures S3 – S5 (in ESI). The 
Freundlich isotherm model was found to be the most suitable 
based on the experimental data, with the highest correlation co-
efficient (R2 = 0.988). The Freundlich model assumes that the 
adsorption mechanism occurs on a heterogeneous surface of a 
sorbent, with possible interactions between adsorbed ions or 
molecules.41  



 
Figure 3. Adsorption kinetics of nickel ions on SU-101. 

The study on the kinetics for Co(II) adsorption was 
performed at pH 2.0 due to the highest probability to reach an 
equilibrium (Figure S6 in ESI). Nevertheless, the low sorption 
capacity (0.53 mg∙g−1, 3.1% efficiency) obtained experimen-
tally indicates that SU-101 is not suitable for the adsorption of 
these ions. The kinetics for Ni(II) adsorption was investigated 
with initial concentrations of 50 and 100 mg∙L−1, at pH 5.0 (Fig-
ure 3). The adsorption of nickel ions by SU-101 is a rapid and 
efficient process, even after 15 min. The highest efficiency was 
reached after 24 h of shaking (93.3 and 96.0% for 50 and 100 
mg∙L−1 respectively), although it can be observed that the curves 
reach an equilibrium after 4-6 h of the process (87 - 92% re-
moval efficiency in both cases). The parameters for all kinetic 
models can be found in Table 2. A pseudo-first order model was 
constructed by fitting the experimental data from the slope and 
intercept of the log(qeq－qt) vs t plot (Figure S7 in ESI). This 
model was found to be not suitable for Ni(II) adsorption, be-
cause the calculated equilibrium capacities in both cases did not 
match the experimental values, while also having a  low corre-
lation coefficient. Instead, a pseudo-second order model was 
constructed by plotting t/qt vs t (Figure 4). It was found that the 
calculated values of qeq were similar to the ones obtained exper-
imentally and the correlation coefficient in both cases was also 
high (~ 1.0), revealing the pseudo-second order reaction model 
as the most suitable for the adsorption of Ni(II) on SU-101. This 
result also shows that chemisorption is the main mechanism be-
hind Ni(II) adsorption.42 The plot qt vs time (t0.5) is nonlinear in 
both cases, and it indicates that strong interactions and bound-
ary layer diffusion may control the rate of adsorption (Figure 
S8 in ESI).  

Figure 4. Pseudo-second order plot of Ni(II) adsorption. 

Table 1. Langmuir, Freundlich and Temkin isotherm models 
parameters of Ni(II) adsorption at pH 5.0. 

Isotherm model Parameter Result 

Langmuir 

q0 (mg·g−1) 

KL (L·mg−1) 

RL 

R2 

116.29 

0.0058 

0.526 

0.548 

Freundlich 

KF (L·mg−1) 

n 

R2 

1.833 

0.852 

0.988 

Temkin 

bT (J·mol−1) 

KT (J·mol−1) 

R2 

80.192∙103 

3.049∙1025 

0.713 

Table 2. Kinetic parameters of Ni(II) adsorption on SU-
101. 

Kinetic model Parameter Results 
50 ppm 100 ppm 

Pseudo-first  
order 

qeq, exp (mg·g−1) 
qeq, cal (mg·g−1) 

k1 (1·min−1) 
R2 

12.11 
2.71 

0.048 
0.515 

23.85 
4.88 

0.072 
0.615 

Pseudo-second 
order 

qeq, exp (mg·g−1) 
qeq, cal (mg·g−1) 

k2 (g·mg−1·min−1) 
R2 

12.11 
12.28 

2.73·10−3 

0.998 

23.85 
24.09 

1.74·10−3 

0.999 

Intraparticle  
diffusion 

KIPD (mg·g−1·min−0.5) 
C 
R2 

0.104 
8.366 
0.667 

0.212 
16.78 
0.581 



 
Figure 5. (a) 1H MAS NMR spectra of SU-101 before (black) and after (red) Ni ions adsorption. The data were collected 
at 14.1 T and 60.00 kHz MAS rate. (b) proposed mechanism for Ni(II) adsorption on SU-101 from mixed nickel-cobalt 
solution.

In Figure 5a, 1H MAS NMR spectra collected from 
SU-101 samples before and after adsorption are presented. In 
the spectrum of as-synthesized sample (black trace), 1H signals 
from ellagic acid moieties appear at 7 and 3 ppm, and 
correspond to C-H and O-H protons, respectively. A broad 
signal centered at 5 ppm originates from physisorbed water. Yet 
another broad resonance at 10 ppm results from COOH groups, 
which along with signals from CH3 groups at ~1 ppm indicates 
the presence of acetic acid remaining in the material after 
synthesis. A sharp signal at 0.5 ppm can be attributed to 
hydroxyl groups associated with inorganic building units. The 
spectrum collected from the sample after adsorption (red trace) 
reveals increased signal intensity from H2O at 4.7 ppm, and 
substantially reduced resonances of acetic acid at 10 and ~1 
ppm. Noteworthy, O-H protons from ellagic acid moieties, as 
well as those involved in hydroxyl groups, are almost 
completely gone. Based on these observations, it can be 
assumed that process of Ni(II)-ion adsorption on SU-101 can be 
regarded in terms of an ion exchange with labile protons present 
in the MOF structure (Figure 5b). 

The simultaneous analysis of nickel and cobalt ions is 
challenging, even by spectrophotometric methods. Herein, we 
used a method recently reported by Zhou et al.44 for the deter-
mination of Ni(II) and Co(II) in solutions using the UV-vis 
technique. Our main goal was to evaluate the selectivity of the 
MOF, SU-101, towards Ni(II) ions over Co(II) in mixed cobalt-
nickel aqueous solutions. Figures 6 and S9 (in ESI) present the 
spectra of solutions before and after adsorption (black and red 
traces respectively), as well as reference solutions containing 4 
and 10 mg∙L−1 of Co(II) (blue trace) and 4 or 10 mg∙L−1 of Ni(II) 
(green trace). In case of 100% recovery of Ni(II), we should 
expect the spectrum after adsorption to overlap with the spec-
trum of pure Co(II) solution. By analyzing the spectra, we can 
observe that the solution after adsorption has a significant de-
crease in the band intensity in the region from 500 to 450 nm, 
which corresponds to nickel ions (green trace). The presence of 
nickel ions broadens the Co(II) spectrum, and narrowing of the 
band from 500 to 450 nm indicates the decrease of the initial 
concentration of nickel ions in solution. Based on the obtained 
data, we calculated a Ni(II) recovery of approximately 30% 
with respect to the initial solution. Due to the overlap of nickel 
and cobalt absorption bands in the range from 450 to 400 nm, 

the slight decrease in the intensity of the maximum absorption 
correspondent to cobalt ions after adsorption is also related to 
the decrease of Ni(II) concentration. There are no significant 
changes in the Co(II) spectrum after adsorption that would point 
out the adsorption of these ions, hence we conclude that there 
was near-zero adsorption of Co(II). These results confirmed the 
selectivity of SU-101 towards the separation of Ni(II) from 
mixed cobalt-nickel solutions. 

 
Figure 6. UV-Vis spectra of: initial solution containing 10 
mg∙L−1 of Ni(II) and Co(II) ions before (black trace) and 
after (red trace) adsorption, 10 mg∙L−1 Co(II) solution (blue 
trace) and 10 mg∙L−1 Ni(II) solution (green trace). 

CONCLUSIONS 
We have demonstrated the intriguing sorption se-

lectivity of a bioinspired microporous bismuth ellagate 
metal-organic framework, SU-101, for the separation of 
nickel ions from mixed cobalt-nickel aqueous solutions. A 
near-zero sorption of Co(II) was observed in almost the en-
tire pH range examined, while for the Ni(II) adsorption ca-
pacity was found to be competitively high (up to 100.9 



mg∙g−1). The evaluation of isotherms showed that the ad-
sorption of nickel ions follows the Freundlich model, 
pointing out that sorption occurs on a heterogeneous sur-
face. Fast and efficient Ni(II) adsorption (up to 96%) was 
obtained, following the pseudo-second order kinetic 
model, meaning that chemisorption is the main mechanism 
governing the reaction. Finally, successful separation of 
Ni(II) from mixed cobalt-nickel aqueous solutions was per-
formed, reaching approximately 30% of Ni(II) recovery 
and near-zero Co(II) recovery after 24 h. SU-101 revealed 
the ability of separating those two ions from aqueous solu-
tions, which provides a great prospect for future applica-
tions in spent Li-ion batteries. These results offer a straight-
forward pathway toward the recycling and separation of 
valuable metals, while providing a sustainable route for 
waste valorization in a circular economy. Two significant 
advantages of using the green MOF are i) the separation of 
cobalt nickel at room temperature, enabling thus a lower 
CO2 emission in comparison to pyrometallurgical ap-
proaches; and ii) the application of safe chemicals that en-
able a recycling concept that can be considered as benign 
by design.  
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