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Abstract: Cobalt and lithium are critical metals because of its shortage, difficulty of extraction
and huge economic impact due to their market value. The purpose of this work is to study their
selective removal from aqueous solutions in different conditions using two commercial FAU zeolites
as adsorbent materials. These solids were characterized by XRD, XRF and BET analysis, to follow up
of their FAU structure integrity, their Si/ Al ratio, and their specific surface area evolutions through
their preparation process. The kinetic study indicates that using both zeolites with a dosage of 5 g/L a
100% cobalt removal from aqueous solutions is achievable, while lithium removal is kept around 30%
(separation factor of 3.33). This selectivity is important as these two metals frequently appear together
in leaching solutions form, for example, ion-Li batteries. In relation to the adsorption equilibrium,
cobalt adsorption presents a finite adsorption capacity while this behavior is not observed in lithium
adsorption. For this reason, Langmuir model is the most adequate to represent cobalt adsorption,
while lithium adsorption is better represented by Freundlich model.

Keywords: zeolite X and Y; cobalt; nickel and lithium cations; critical metals; adsorption kinetics and
isotherms; thermodynamic parameters

1. Introduction

Nowadays, a large environmental problem exists due to heavy metal ions are present
in the environment, and they are considered as the most widespread toxic mineral con-
taminants of soil and water systems. The main problem of these ions is that they are
non-biodegradable and tend to accumulate in living organisms, causing different diseases
and disorders [1].

Heavy metal ions come to water systems from two ways: natural ones, which include
volcanic activities and soil and mineral erosion, and anthropogenic ones, that comprise
mineral processing, fuel combustion, agricultural and industrial activities, especially those
derived from wastes of the electronic, electroplating, and petrochemical industries [1-5].

Apart from the importance of removing these contaminants from water, their recovery
is also becoming essential, because most of them are critical metals due to their scarcity
and wide range of applications. Among them, cobalt and lithium are largely used in
catalysis, alloys, steels, batteries, semi-conductors and much more applications [5-10]. In
fact, according to the last European Commission report on critical raw materials [11], cobalt
and lithium are considered to be critical.

The removal of Co(Il) and Li(I) ions from large volumes of wastewater can be car-
ried out by various conventional methods such as chemical precipitation [5], solvent
extraction [12], membrane filtration [13], ion exchange [1], electrochemical removal [14] or
coagulation [15]. However, many of these techniques involve some disadvantages such as
incomplete removal, high-energy requirements and toxic sludge production, low efficiency,
sensitive operating conditions, costly disposal and not being suitable for small-scale indus-
tries [3,7,8]. Consequently, the most suitable method for ion removal and pre-concentration
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from aqueous solutions is adsorption, mostly because is highly effective, even at low
concentrations, and is cheaper than other methods, mainly because of the mild operation
conditions [3,16]. Adsorption is a surface phenomenon involving the accumulation of
solute species from an aqueous solution onto a substrate surface. In literature, adsorp-
tion has been successfully employed to remove silver [17], cadmium [18], arsenic [19],
antimony [20], or uranium ions [21].

Concerning cobalt adsorption from aqueous solutions, Prabakaran and Arivoli [22]
studied the preparation of activated carbon from Thespesia populnea bark as a low cost
biosorbent, Kobya et al. [23] used activated carbon prepared from apricot stone, and
Deravanesiyan et al. [24] focused their study on the synthesis of alumina nanoparticles
immobilized zeolite by sol-gel and physical methods.

In relation to lithium adsorption, Lemaire et al. [4] evaluated lithium separation from
aqueous solutions using Amberlite IR 120 resin and molecular sieve 13X. At this point it is
important to emphasize that these two ions frequently appear together in aqueous media,
after the leaching of end-of-life lithium-ion batteries [25].

On the other hand, as well as the adsorption, the desorption process of these ions for
their recovery is also important. Although it is true that an adsorption/desorption cycle
does not allow directly recovering the metal ions, it allows their pre-concentration. This
fact is key factor for the further recovery by other techniques. Additionally, in many cases,
desorption takes place by means of acidic solutions. Although, at first sight, it would seem
to be a drawback, however, considering that many operations employed to recover metal
ions from pre-concentrated aqueous solutions imply acidic conditions, this fact should
not involve an additional difficulty. As an example, a previous study of the authors [26],
focused on the synthesis of a mesoporous activated carbon as adsorbent to pre-concentrate
indium from aqueous solution and recover it, employed a solution of HNO; (pH = 0.5).
However, the use of nitric can alter the surface of the carbon, which is an important factor
if the cost of the adsorbent is relatively high. Additionally, the recovery of lithium from an
aqueous solution by sorption/desorption method was studied by Lemaire et al. [4].

One of the factors that mainly influences the adsorption process is the nature of the
adsorbent. In a way, the relatively low cost of the adsorption technique is closely related to
the cost of the adsorbent. In addition, the adsorption/desorption processes of Co(II) and
Li(I) ions in the solid adsorbents is closely related to its mobility [3] so, in order to design
an adequate adsorption system, it is fundamental to try out different adsorbent materials
with different physical and chemical properties. In this sense, several researchers have
previously tried different materials to treat aqueous systems polluted with metals. As an
example, Li et al. [27] synthetized a zeolite-activated carbon composite as an adsorbent
for the removal of heavy metal ions and macromolecular organics. A recent review of the
different materials employed as adsorbents to remove metal from aqueous solutions was
published by Iftekhat et al. [28].

The aim of this study is to test different adsorbent materials to obtain the most favor-
able adsorbent to recover Co(II) and Li(I) ions of aqueous solutions. The final purpose is to
design a system to selectively separate the two ions as they frequently appear together in
aqueous solutions coming from e-wastes and they belong to critical raw materials group,
according to the European Commission [11]. To achieve this purpose, their kinetic, ther-
modynamic and isotherm data are extremely important. Among the potential adsorbents,
zeolites have been selected because they have successfully employed to remove metals
from aqueous media [29], as well as they are relatively affordable solids.

2. Materials and Methods
2.1. Materials

Co(NO3)2-6H0 purchased from Sigma Aldrich (St. Louis, MO, USA) and LiCl pur-
chased from Alfa Aesar (Ward Hill, MA, USA), were employed as the source of Cobalt (II)
and Lithium (I), respectively.
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Two zeolites were employed as adsorbents, 13XBFK, zeolite X type, and NaYBFK, zeo-
lite Y type, supplied by Chemiewerk Bad Kostritz GmbH (CWK) (Bad Kostritz, Germany).
These zeolites were also used in their protonated form, 13XBFK(H) and NaYBFK(H), with
the purpose of improving the adsorption process by exchanging the cations with protons in
the zeolite [30]. The ion-exchange of X and Y zeolites was performed following this three-
step procedure: first, the solids were washed 5 times the solids with a 0.005 M HCl solution,
employing 10 mL of solution per gram of zeolite; second, the solids were washed 5 times
with MilliQ water; and finally, the solids were dried at 383 K. In previous references it was
checked that a diluted HCI solution was equally effective than employing ammonium to
protonate the zeolite [30].

To characterize the solid materials used in this study, different techniques were em-
ployed. Adsorption—-desorption isotherms of N; at 77 K were carried out using an ASAP
2020 Micromeritics (Norcross, GA, USA) adsorption analyzer, in a p/pg range from 0 to
1. The specific surface area (SBET) was determined employing the standard Brunauer—
Emmett-Teller (BET) method. Additionally, external surface area (SEXT) was determined
using t-plot method, and pore size distribution (PSD) curves were calculated by the BJH
(Barrett-Joyner-Halenda) method with the KJS (Kruk—Jaroniec-Sayari) correction.

X-ray diffraction (XRD) was employed to examine the crystal structure of zeolites. The
measurements were performed in a PANalytical X'Pert MPD (Malvern, UK) using a CuKo
radiation in the range of 5-70°, and with a step size of 0.1°. X-ray fluorescence (XRF) was
employed to determine the chemical composition. The measurements were carried out
using an Axios PANalytical apparatus (Malvern, UK).

Furthermore, Fourier Transform Infrared Spectroscopy (FTIR) measurements were
carried out by a Thermo Nicolet FI-IR (Thermo Fisher, Waltham, MA, USA). The samples
were scanned in the range of 4000-400 cm ! and the band intensities were expressed in
transmittance.

Finally, the pH evolution of the solid suspensions was evaluated by placing a solid
dosage of 1 g/L of the different materials in Eppendorf tubes. Afterwards, the Eppendorf
tubes were located in a thermo block (Optic Ivymen System; Biotech, Barcelona, Spain)
apparatus, to provide orbital agitation and to maintain constant temperature. Finally,
the pH was measured at different times with a Crison (Barcelona, Spain) micro pH 2002
apparatus.

2.2. Adsorption Kinetic Experiments

The adsorption kinetic experiments were carried out in batch using tubes (25 mL
sample) placed in a thermo block (Hettich Lab Technology; Tuttlingen, Germany), stirred
at 1100 rpm, at 298 K. The experimental procedure was carried out as follows: initially,
the appropriate dosage of the adsorbent was added to a tube containing a metal aqueous
solution with the desired Co(II) or Li(I) concentration. Then, the tube was placed in the
stirring block and was agitated at constant temperature until the adsorption test was
finished. Once the adsorption experiment had ended, to completely ensure the absence of
solids in the analysis spectrophotometer, the adsorbent was separated from the aqueous
solution by centrifugation (11,000 rpm) using a Spectrafuge 24D from Labnet International,
Inc. (Edison, NJ, USA) apparatus, and subsequently filtered with a Nylon 0.45 um sieve
Chrodisc syringe filter. Finally, the concentration of the metal ion in the different aqueous
solutions was measured by Atomic Absorption Spectroscopy (AAS), using an AA-7000
Shimadzu equipment.

Adsorption kinetic curves were carried out with and adsorbent dosage of 5 g/L, while
the initial Co(II) and Li(I) concentrations were kept in 40 mg/L and 20 mg/L, respectively.
The kinetic curves were evaluated by filling several Eppendorf tubes with the same ion
concentration and solid dosage and measuring the ion concentration at different times.
Each point of the kinetic curve was evaluated three times and the average value was used,
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to evaluate the uncertainty. The adsorbent capacity and the percentage of adsorbed Co**,
and Li* were obtained by mass balance, employing Equations (1) and (2) respectively [31].

Co—C
g= "=V )
. Co—C
/OMzgsorbed = CO -100 (2)

2.3. Adsorption Equilibrium Experiments

The adsorption isotherms were carried out using tubes placed in the same thermo
block (Hettich Lab Technology, Tuttlingen, Germany) previously employed, with the same
stirring rate, at 298 K. To develop the isotherm, the dose of adsorbent material was kept
constant at 1 g/L and ion concentrations were changed from 50 mg/L to 200 mg/L. To
ensure the equilibrium was attained, all the tubes were kept stirred at constant temperature
for 24 h.

3. Results and Discussion
3.1. Adsorbent Characterization
3.1.1. X-ray Diffraction

Figure 1 shows the XRD results corresponding to NaYBFK and 13XBFK with their
corresponding protonated forms. According to the diffractograms, all the zeolites display
the typical peaks of the FAU structure [32]. It can also be observed that the diffractograms
of the protonated zeolites showed less intense peaks than the corresponding original solids.
However, the amorphous halo seems to remain unaltered indicating that the decrease
in crystallinity due to acid treatment is relatively small, consequence of the diluted HCl
solution employed. Additionally, this decrease in the intensity of the peaks can also be
associated with the substitution of cations by H* which have a higher charge to ionic radius
ratio, resulting in a less defined diffraction patterns [33].

Intensity (a.u.)
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Figure 1. XRD pattern of NaYBFK, NaYBFK(H), 13XBFK and 13XBFK(H).

3.1.2. X-ray Fluorescence

Table 1 shows the results obtained for the elemental composition analysis of the
zeolites samples, expressed as oxide percentage. As expected, the higher molar fraction
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percentages correspond to Si and Al, which corroborate the aluminum silicate framework
of the zeolites. Additionally, the Si/ Al ratio gave information about the type of zeolites:
although both were FAU framework the X zeolites presented Si/ Al molar ratios around
1.2-1.3 (<1.5) whereas for Y zeolites were close to 3 (>1.5). Protonated zeolites presented
Si/ Al molar ratios higher than non-protonated zeolites which corroborated the partial
removal of aluminum by the protonation process.

Table 1. Chemical composition in molar fraction (mol %).

13XBFK 13XBFK(H) NaYBFK NaYBFK(H)

Si0, 57.48 61.22 74.23 74.87

Al,O3 23.37 23.36 13.82 13.50

Na,O 16.88 12.34 9.81 7.59

MgO 1.57 1.58 1.15 2.30

KO 0.07 0.06 0.05 0.05

CaO 0.00 0.14 0.50 0.56

Si/ Al molar ratio 1.23 1.31 2.69 2.77
Cations/Al molar ratio 0.79 0.60 0.83 0.78

Protonation degree (%) 21 40 17 22

Theoretically the cation/Al ratio should be close to 1, as the interchangeable cations
(Na*, K*, Mg?* and Ca?* in this case) appear in the zeolite to balance the mismatch caused
by the substitution of a silicon (IV) for an aluminum (III) cation. So, the difference between
1 and this ratio is assumed to be the protonation degree of the zeolites (molar mass of
hydronium ion is not heavy enough to be detected by XRF). This fact was also confirmed
by 13A1 NMR measurements, to discard the existence of extra red aluminum.

As it can be observed, protonation degree was higher in the protonated zeolites,
indicating that the treatment carried out has led to an increase in the amount of H* cations.
However, this increase was greater for X zeolite, achieving an increase up to 40%, while Y
zeolite only increased by 5%. The reason of this behavior can be due to the different Si/ Al
ratio. The Si/ Al ratio of X zeolite is lower than the one of Y zeolite. This indicates that X
zeolite has more positions to locate the cations which balance the charges and consequently,
more easiness to exchange these cations by protons. This exchange capacity allows these
materials to be successfully employed as adsorbents.

3.1.3. Isotherms Adsorption-Desorption of N»

Figure 2 shows the N, adsorption-desorption isotherms. According to the IUPAC
classification [34], the nitrogen sorption isotherms of the zeolite samples are type II curves,
which are characteristic of microporous adsorbents. The shape of the curves is the result of
unrestricted mono- and multilayer adsorption up to high p/pg values. Gradual curvature
at low p/pg values indicates overlapping monolayer coverage and initiation of multilayer
adsorption in all the cases, apart from 13XBFK solid, which present the steepest slope. On
the other hand, an H4 type hysteresis cycle was observed for all the zeolites. This behavior
is typical of zeolite aggregates and large external surface area zeolites.

Table 2 displays the textural properties of the materials. It shows the values of the
main parameters obtained from the analysis of the isotherms: specific surface BET area
(SeeT), BET constant (C), external surface area calculated using t-plot method (SEXT), inner
surface area (Siy7), and micropore volume and average pore diameter calculated with
BJH method.
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Figure 2. Nitrogen sorption isotherms at 77 K on zeolite samples.
Table 2. Textural parameters of 13XBFK, 13XBFK(H), NaYBFK and NaYBFK(H).
Micropore Average
Adsorbent (ISnBz]jT) C-10-3 (ISnIZI\}T) (ISIFZ);T) Volume Pore Size
8 & & (cm3/g) (A)
13XBFK 910 18.5 860 50 0.319 16.2
13XBFK(H) 845 20.0 805 40 0.297 16.5
NaYBFK 875 212 825 50 0.306 16.6
NaYBFK(H) 860 227 810 50 0.301 16.8

The large specific surface area of all zeolites must be highlighted. In all the tested
zeolites, the internal surface area was above 800 m? /g with a similar external surface area.
The protonation process slightly decreased the surface area since an increase in Si/ Al ratio
occurred. Additionally, an acid treatment can dissolve amorphous silica fragment, blocking
the channels. However, the reduction in the surface area was practically negligible because
it stayed at high values (>840 m?/g). In relation with the inner surface area, it seems to be
independent of the protonation process, as it only varies less than 10%, in agreement with
literature [35]. Regarding the micropore volume, the protonated samples had a little less
micropore volume and a larger average pore size. This difference could be attributed to the
fact that the acid treatment can slightly alter the pore connectivity, because of the exchange
of cations by protons. Similar behaviors can be found in literature [36].

3.1.3.1. pH Evolution in Aqueous Suspension of Zeolite Samples

Initially, before carrying out the adsorption tests, the evolution of the pH of the
different zeolites in aqueous suspensions, was measured at different times (Figure 3). The
evolution of the pH is a key factor to study the adsorption process since Co?* precipitate
as hydroxides at pH values higher than 9 [6]. Therefore, it is important to carry out the
adsorption experiments at pH values lower than 9 to be sure that adsorption and not
precipitation is taking place.
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Figure 3. pH measurements of the different adsorbent materials suspended in distilled water over
time, with a dose of 1 g/L.

The aqueous suspensions of 13XBFK and NaYBFK zeolites showed a similar behavior:
an increase of the pH with the time, achieving a steady value near pH 10. On the other
hand, the pH of the suspensions of the protonated zeolites also increased with time, but
reaching a final pH value of 9, due to higher protonation degree. The increase in the pH
was due to the ionic exchange of the sodium by proton, decreasing its concentration in the
aqueous media. According to these results, it can be concluded that only the protonated
zeolites could be used for the recovery of these metals. However, when the zeolites are
suspended not in distilled water, but in metal solutions, the final pH slightly decreases: 6.0
for cobalt and 6.5 for lithium. Therefore, the raw zeolites as well as the protonated ones
could be employed as adsorbents.

3.2. Influence of the Exchanged Cation

To determine the influence of the cation exchanged in the zeolite, cobalt and lithium
adsorption experiments were developed employing both NaYBFK and 13XBFK zeolites,
as well as their protonated forms. Table 3 displays the adsorption capacity as well as the
percentage of metal removed, after 40 min.

Table 3. Adsorption capacities and percentage of metal removed of 13XBFK, 13XBFK(H), NaYBFK
and NaYBFK(H).

13XBFK 13XBFK(H) NaYBFK NaYBFK(H)
Cobalt Adsorption
q(mg/g) 23.0 17.6 24.2 234
% Removed 96.4 99.1 99.3 99.5
Lithium adsorption
q(mg/g) 0.30 0.28 0.30 0.30
% Removed 27.4 25.6 26.9 27.4

As it can be observed, the protonation process does not significantly improve the
adsorption capacity of the zeolite, which indicates that the decrease in crystallinity and the
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increase in Si/ Al ratio in protonated forms does not affect the adsorption process. Thus,
non-protonated solids were employed in further experiments, to analyze the kinetic curves.

3.3. Kinetic Adsorption Experiments

As it has been mentioned above, kinetic studies were performed using non-protonated
NaYBFK and 13XBFK zeolites. The kinetic curves of the metallic solutions are displayed
in Figures 4 and 5. It can be observed that the cobalt adsorption capacity of both zeolites
is clearly higher than the lithium adsorption capacity. So, both zeolites can remove about
100% of cobalt, but just around 30% of lithium. This indicates that these materials can be
employed to successfully separate both ionic species.

30

25

20

15

q (mg/g)

=8-NaYBIK - Co

13XBFK - Co

U [0 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Time (min)

Figure 4. Co?* adsorption at 298 K. Conditions: 5 g/L of adsorbent dosage, 1100 rpm, and 40 mg/L
of initial Co®* concentration.

0.40

0.35 r

030 | . *—o—

0.25
0.20

0.15
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0.05

OOO f 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Time (min)

q (mg/g)

=8-NaYBFK - Li
13XBFK - Li

Figure 5. Li* adsorption at 298 K. Conditions: 5 g/L of adsorbent dosage, 1100 rpm, and 20 mg/L of
initial Li* concentration.
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The different behavior can be discussed in terms of the hydrated ionic radii, dehydra-
tion energies, electronegativity, and ionic mobility. The values of these parameters for the
three cations are summarized in Table 4. According to literature, the larger the electronega-
tivity, the higher the affinity of the zeolite towards the cation. This fact could explain why
the cobalt adsorption capacity are higher than the lithium one [37]. Additionally, the small
molecular mass (6.9), low charge and small hydrated ionic radius of lithium reinforces this
behavior: the driving force and the electrostatic interaction between the lithium ions and
sorption sites will be significantly lower than that of cobalt [38].

Table 4. Properties of Co?* and Li* in aqueous solution.

Hydrated Ionic Dehydration Energy . . . -, 5.2
Radius (A) [39] (kJ/mol) Electronegativity [40] Ionic Mobility (10—> cm*®/s) [41]
Co?* 2054 1.88 0.732
Li* 520 0.98 1.029

The kinetic curves experimentally obtained were analyzed using different kinetics
models [42]. Correlation coefficient (R?) and root mean squared error (RMSE) were em-
ployed to analyze the goodness of the adjustments.

Pseudo-first-order kinetic model or Lagergren equation is one of the most widely
used models and it was the first-rate equation developed for sorption in liquid/solid
systems [43].

In(ge —q) = Inge — kit €)

where g and g, are the amounts of Co?* adsorbed onto the adsorbent at time ¢ and at
equilibrium time (mg/g), respectively, and k; is the constant rate of first order (min~1).

Pseudo-second-order kinetic model, [44], is employed to determine the amount of
metal adsorbed on the zeolite by the model expressed as:

t 1 t

= = 4
q kgt qe @

where k; is the constant rate of second order (min-g/mg). If second-order kinetic model
is applicable, the plot of ¢/q against ¢ should show a linear trend. The value g, can be
determined from the slope of this plot, so this model predicts the behavior over the whole
range of adsorption if there are not diffusional limitations to the adsorption.

The determined kinetic parameters obtained after fitting the experimental data to the
different models are displayed in Table 5. To ascertain the goodness of the fittings, R?
correlation coefficient, RMSE and F-values were calculated with Microsoft Excel®. So, the
more adequate model will be the one with higher correlation coefficient, low value of RSME
and, according to literature, the one with the larger F-value [45]. Although the correlation
coefficient is similar in both pseudo-first order and pseudo-second order model, the RMSE
value is clearly lower in the second case. Thus, attending to the statistical parameters,
it can be concluded that the kinetic model which best represents the phenomenon is the
pseudo-second order model. The pseudo-second order model implies the nonexistence
of diffusional limitations to the adsorption, which is expected in this case, because of the
difference between the material average pore size and the hydrated ions size [26]. Therefore,
the adsorption mechanism is controlled by the adsorption step and the external and internal
mass transfer resistances do not affect the overall process.
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Table 5. Kinetic parameters for Co>* and Li* adsorption on NaYBFK and 13XBFK.
NaYBFK Adsorbent
Pseudo-First Order
Cation ge (mg/g) k; (min~1) R? RMSE F value
Co(II) 24.09 0.176 0.999 0.459 1.004
Li(I) 0.31 0.150 0.988 0.001 1.034
Pseudo-second order
Cation ge (mg/g) ky (g-min/mg) R? RMSE F value
Co(II) 27.74 0.008 0.992 3.47 0.998
Li(I) 0.37 0.449 0.973 0.002 0.997
13XBFK adsorbent
Pseudo-first order
Cation ge (mg/g) ky (min~1) R? RMSE F value
Co(II) 23.92 0.119 0.981 10.4012 1.094
Li(I) 0.31 0.430 0.957 0.004 0.948
Pseudo-second order
Cation ge (mg/g) ky (g-min/mg) R? RMSE F value
Co(II) 30.55 0.0037 0.966 17.72 1.081
Li(I) 0.30 5.58.10* 0.981 0.001 1.019

To further analyze the adsorption mechanism, the kinetic data were adjusted to
Webber-Morris intraparticle diffusion model [46], described by Equation (5), to ascertain if
there is intraparticle or boundary layer diffusion. In this equation, C is the intersection to
the ordinate axis, k; (mg/g-min!/?) indicates the intraparticle diffusion rate constant, and ge
and q represent the adsorption capacities at equilibrium and at t time, respectively (mg/g).
The Webber-Morris plots are displayed in Figures 6 and 7.

g=kit? +C

©)

30

25

20

q (mg/g)

10

Y @ W

@®NaYBFK - Co
13XBFK - Co

2.5 3 3.5 4 4.5 5 5.5
Time!2 (min*?)

Figure 6. Webber-Morris plot for Co?* adsorption at 298 K. Conditions: 5 g/L of adsorbent dosage,
1100 rpm, and 40 mg/L of initial Co** concentration.
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Figure 7. Webber-Morris plot for Li* adsorption at 298 K. Conditions: 5 g/L of adsorbent dosage,
1100 rpm, and 20 mg/L of initial Li* concentration.

As it can be observed in Webber-Morris plots, except for the case of lithium adsorption
onto 13XBFK, all the plots can be divided in two linear sections. The first one corresponds
to the diffusion of ions though the external surface of the adsorbent (film diffusion), while
the second one corresponds to intraparticle diffusion. In the case of lithium adsorption onto
13XBFK only a straight line is observed: this indicates that in this case only intraparticle
diffusion is noticeable. Additionally, none of the curves cross the origin which implies
that, according to this model [46], the intraparticle diffusion, although important, is not
the rate-limiting step in the adsorption process. So, the rate-limiting step is the adsorption
process, in agreement with pseudo-second-order model assumption.

3.4. Kinetic Equilibrium Experiments

To describe the nature of the adsorption interactions the isotherms of cobalt and
lithium ions on 13XBFK zeolite were carried out. According to Giles classification, the
adsorption isotherms displayed in Figure 8 can be classified as H1 (for Li*) and H2 (for
Co?") types [47]. These involve power functions which can be derived from continuous
site—affinity distributions. To further analyze the adsorption isotherms, the experimental
data were fitted to Langmuir and Freundlich models, as they are the most adequate models
for this kind of isotherms. The fitting isotherm parameters obtained for each temperature
are shown in Table 6, along with the correlation coefficients and (RMSE).

Langmuir model is described in Equation (6), where, g5 (mg/g) indicates the maxi-
mum capacity of adsorption on the monolayer and b (L/mg) is a constant related to the
affinity between adsorbent and adsorbate.

. Gsat-b-Ce

9= 15pCe (©)

Freundlich model is described in Equation (7), where, Kr (L/mg) and n are character-
istic parameters of the model. The value 1/n is an empirical constant that informs about
the strength of the adsorption process and the surface heterogeneity

e = Kp-CL/™ @)

As it can be observed in Figure 6, both isotherm models fit relatively well to the
experimental data. This is confirmed by the similar values of the R? coefficients. In the
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case of cobalt, although Freundlich adjustment present smaller RMSE value, it seems that
Langmuir model correctly represents the behavior of the adsorption process, as it perfectly
predicts the experimental saturation capacity. Regarding lithium adsorption, it seems that
the best model to reproduce this phenomenon is Freundlich equation. This model is typical
of heterogeneous adsorbent surfaces with different adsorption sites, and of solids which do
not have a finite saturation capacity, what it is observed here. Additionally, according to
the statistical theory of adsorption value of 1/n in the adsorption isotherm less than unity
implies heterogeneous surface structure with minimum interactions between the adsorbed
atoms [48]. This behavior is observed in this case.

The results obtained in this manuscript were compared with those previously reported
for these metal ions and similar materials (Table 7). As can be observed in this table, the
values of saturation capacity for the zeolite used in this study are in the same range or
above with the previously reported ones, excepting the composite of Fe30, and zeolitic
imidazole framework, which had a huge adsorption capacity. As for Li, the literature is not
very extensive, but the results obtained are very promising.

@
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Figure 8. Cobalt (a) and lithium (b) adsorption isotherms at 25 °C using 13XBFK.
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Table 6. Isotherm parameters for Co?* and Li* adsorption on NaYBFK and 13XBFK.
Langmuir Model
Metal Qsat (mg/g) b (L/mg) R2 RMSE
Co(II) 22.12 0.354 0.933 7.7
Li(I) 31.12 0.019 0.987 111
Freundlich Model
Metal Kr (L/mg) n R2 RMSE
Co(1I) 11.30 6.67 0.974 14.9
Li(T) 1.82 1.90 0.984 12.7

Table 7. Comparison between literature and the most significative results obtained in the current work.

Reference Metal Adsorbent [Mf;;}i“)itial Sorbe(l;?lljosage Gsat (mg/g)

This work Co Zeolite X 50 5 22.16
[30] Co Clinoptilolite 10-200 12 4.2
[49] Co FAU tyff’;ﬁ‘(’)lgeﬂsg nihesized 100-500 5 122
o CommedieOundiic o :

This work Li Zeolite X 20 5 0.30
[8] Li Lithium—Aluminum hydroxide 350 ~0,1 0.6
[51] Li Modified cellulose 140 20 16.0
[52] Li Manganese oxide 35 0.5 10.9

4. Conclusions

This study has shown that both, NaYBFK and 13XBFK are effective adsorbents to
selectively remove cobalt from synthetic wastewater, as it can preferably adsorb cobalt ions
vs. lithium ones.

Characterization of the samples has shown that the zeolites treated with acid have
suffered a slightly dealumination process which has contributed to a Si/ Al ratio increase
and therefore a reduction in the number of exchangeable cations. Also, as it is shown in
BET results, the protonation of zeolites increases the BET surface: protons are smaller than
sodium cations, so the structure of zeolite channels is more accessible for N, penetration.
Consequently, it involves a decrease in the crystallinity as it is shown on XRD plot (Figure 1).

The adsorption kinetics follow a pseudo-second order model in all the cases. Addition-
ally, kinetic results indicate that using both zeolites it is possible to remove about 100% of
cobalt from aqueous solutions at 40 min, meanwhile just around 30% of lithium is removed,
what implies a separation factor of 3.33. This selectivity is important as these two metals
frequently appear together in leaching solutions from, for example, ion-Li batteries.

Regarding adsorption equilibrium, Langmuir model is perfectly capable of predicting
the experimental cobalt saturation capacity, while Freundlich model is the most adequate
to represent lithium adsorption as this process does not have finite saturation capacity.

To sum up, NaYBFK and 13XBFK are commercial and cost-effective adsorbent that
have good properties for the selective removal of cobalt from water, which is important as
this cation usually appears in wastewaters along with other cations, as lithium, towards
which the zeolites have much less adsorption capacity. Afterwards, once the two metals
are selectively separated, they could be recovered by means of other techniques, such as
solvent extraction or precipitation.
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