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Adsorption of Co(IT) and Mn(II) Ions on Mesoporous Silica SBA15

Functionalized with Amine Groups
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The adsorption characteristics of Co(II) and Mn(II) ions on mesoporous silica SBA15 were investigated. SBA15 was synthesized from the
silicate precursor tetracthyl-orthosilicate (TEOS), and it was functionalized with ethylene-diamine-tetra-acetic-acid (EDTA) and N,N-dimethyl-
acetamide (DMAC), which consists of the amine functional groups. It was also characterized by nitrogen adsorption—desorption analysis,
element analysis (EA), Fourier transform infrared spectroscopy (FI-IR), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). The adsorption capacities of EDTA functionalized SBA15 for Co(II) and DMAC functionalized SBA15 for Mn(Il) in a
single component system were found to be 10.12mg/g and 6.8 mg/g, respectively. These values are about 10 times higher than that of as-
synthesized SBA15. The adsorption isotherms and kinetics data were found to follow the Langmuir adsorption isotherm model and the Pseudo-
second order kinetic model (+* > 0.99). After the 5 adsorption cycles, over 90% regeneration efficiency was achieved for the functionalized

SBA15, which would be applied for recovery of the metals.
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1. Introduction

Rare metals, such as cobalt, manganese, lithium, and
nickel are widely used in energy and electronics industries. In
recent years, the usage of lithium ion batteries that contain
high amounts of rare metals such as cobalt and manganese
has increased remarkably, resulting in the generation of
enormous amounts of waste lithium ion batteries. To prevent
environmental pollution and recover rare metals, recycling
technology of lithium ion batteries is a focus of current
research.!®

A wide variety of recycling techniques to recover metals
such as cobalt and manganese from spent lithium ion
batteries are available such as liquid-liquid extraction, ion
exchange, membrane filtration, precipitation, oxidation/
reduction, coagulation and adsorption.”'? Among them,
adsorption is becoming increasingly used in many recycling
processes due to its simplicity, low cost, easy operation, and
selectivity.”!>!3) Adsorbents (e.g. mesoporous silica) have
been developed to improve the effectiveness at very low
metal concentration and regeneration efficiencies.'*'¢

Mesoporous materials, having unique large surface area,
well-defined pore size and pore shape, have been extensively
studied for its widespread applications in fields of adsorption,
catalysis, sensing and separation. Moreover in comparision
with other mesoporous silica, SBA15 exhibits thick pore
walls which provide significantly improved hydrothermal
stability, being suitable for use in aqueous solutions.>!7-2!

Recently, functionalized mesoporous materials are receiv-
ing attention due to their strong binding affinity for metal ion.
Functional group addition may increase the adsorption
capacity, make adsorbent more selective, or increase the
stability of the adsorbent.”!l:1218:1922-25) [ the case of
mesoporous silicas functionalized with chelating agents,
the main applications are adsorption of the metal ions
from aqueous solutions, separation of the different metals,
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or preconcentration of the metal ions prior to their
analysis.|12:14.1923-26)

In this paper, functionalized mesoporous silica SBA15
was prepared as metal ion adsorbents. The adsorbents
were characterized for physical properties and tested for
the adsorption of metal ions in aqueous solution. After
adsorption of the metal ions, the regeneration of the
functionalized adsorbents was also studied.

2. Experiments

2.1 Preparation of the mesoporous silica

Mesoporous silica SBA15 was prepared by the synthesis
procedure by Zhao.?” In a typical synthesis, 4 g of triblock
copolymer Poly(ethylene glycol)-block-poly(propylene gly-
col)-block-poly(ethylene glycol) (P123) was dissolved in
120 g of 2M hydrochloric acid (HCI) aqueous solution and
30g of distilled water. The mixture was stirred at 35°C.
Tetraethyl-orthosilicate (TEOS) was added to this solution,
and the synthesis was carried out by stirring at 35°C for 20 h,
and aged at 90°C for 24 h. The precipitated products were
then filtered, washed thoroughly with distilled water, dried at
60°C for 24h, and finally calcined at 550°C for 4h. The
textural properties of the samples were determined through
nitrogen physisorption by using a surface area and porosity
analyzer (ASAP 2020, Micromeritics, USA). From the
isotherm curve, we measured the pore size distribution using
the Barrett-Joyner—Halenda (BJH) model and calculated the
specific surface area using the Brunauer—Emmett—Teller
(BET) model. The pore structures and surface forms of the
samples were observed using SEM (Nova NanoSEM 450,
FEL, USA) and TEM (JEM2001F, JEOL, Japan).

2.2 Functionalization of the mesoporous silica

To graft the silica surface, 1.1 g of mesorporous materials
were dispersed in toluene and 4.1 mmol of EDTA or DMAC
were added. The mixture was refluxed for 24h. The
precipitated products were then filtered washed thoroughly
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with ethanol, stirred with ethanol at room temperature for
24h, and finally dried at 60°C for 24 h. The as-synthesized
SBA15 is referred to as MS, the EDTA functionalized
SBA1S5 is referred to as MS1 and the DMAC functionalized
SBA1S is referred to as MS2. The surface properties of the
samples were measured using FT-IR spectrometer (FT-IR
4100, JASCO, Japan) and element analyzer (Thermo Flash
EA1112, Thermo Fisher Scientific, USA).

2.3 Adsorption studies

The single-component adsorption capacity of metal ions
was measured by adding 0.1 g of adsorbent into 100 ml of
aqueous solution containing Co(Il) and Mn(Il) with concen-
trations of 100ppm. Co(Il) and Mn(Il) solutions were
prepared by dissolving appropriate amounts of Co(II) and
Mn(II) nitrate salts in deionized water. The pH of the aqueous
solutions was adjusted to 2.0 by adding the appropriate
amount of HCI and sodium hydroxide (NaOH) solution. The
adsorption experiments were conducted in a shaker incubator
kept at room temperature (25°C). After the adsorption test,
the metal concentration in the aqueous solution was measured
by an inductively coupled plasma mass spectrometer (ICP-
MS) (Ultima2C, Horiba, Japan).

The adsorption capacity (Q,) of the adsorbent for the metal
ion is the solution of the following equation:>!'!:1427)

_G-co,
M

where, Q. (mg/g) is the amount of solute adsorbed per unit
mass adsorbent, C; (mg/L) and the C, (mg/L) are the initial
and equilibrium concentration of solute in solution, M (g) is
the weight of the adsorbent, and ¥ (L) is the volume of the
aqueous solution.

To study the effects of H™ concentrations on metal
adsorption, the solution of pH was varied from 1 to 5.

The adsorption kinetics of the metal ions were measured
by adding 0.1 g of adsorbent into 100 ml of aqueous solution
containing Co(II) and Mn(Il) with concentrations of 100
ppm. The mixtures were shaken for 10-1440min. The
Pseudo-second-order kinetics were used to evaluate the
adsorption kinetics and the rate constants. The non-linear
mathematical expression of the Pseudo-second-order kinetics

Qe )

is the solution of the following equation:!!-14-26-28)
02Kt
Q= 2
1+ Q:Kit

where, ¢ (min) is the reaction time, Q; (mg/g) is the
adsorption capacity at time t, and K; (g/mgmin) is the rate
constant of the adsorption. To obtain the model parameters,
the linearized Pseudo-second-order equation is given by:

t 1 t
0. " K02 0. @
The adsorption isotherms of the metal ions were measured
by adding 0.1 g of adsorbent into 100 ml of aqueous solution
containing Co(II) and Mn(Il) with concentrations of 10—
200 ppm. The Langmuir isotherm equation was used to
evaluate the adsorption isotherm. The non-linear mathemat-
ical expression of the Langmuir isotherm equation is the
solution of the following equation:!!:14:26-2%)
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Fig. 1 FTIR spectra of MS and amine functionalized mesoporous silicas
MS1 and MS2, respectively.

QmaxKLCe
Q. = TmmiLe
1+ K C,

where, On.x and Ky are the characteristics of the Langmuir
parameter. O, (mg/g) is the monolayer adsorption capacity,
and K1 (L/mg) is the constant related to the intensity of
adsorption. To obtain the model parameters, the linearized
Langmuir equation is given by:

Ce 1 C.

Qe QmaxKL Qmax

The binary-component adsorption capacity of the metal
ions were measured by adding 0.1 g of adsorbent into 100 ml
of aqueous solution containing Co(Il) and Mn(II) with
concentrations of 100 ppm.

Regeneration of the spent adsorbents was performed in
acidic conditions. After the adsorption experiments, the spent
adsorbent was separated from the aqueous solution by
filtering and centrifuge. Then, desorption of the adsorbents
was carried out using 2M nitric acid (HNOj3) solution at 25°C,
200 rpm and 24 h. This procedure was repeated five times, and
the adsorption capacity after each cycle was measured. The
regeneration efficiency is the following equation:!'!-14-10)

“

&)

Regeneration efficiency (%) = % x 100 6)
0
where, Oy and @, are the adsorption capacity (mg/g) of the
adsorbents before and after the regeneration experiments,
respectively.

3. Results and Discussion

3.1 Materials characterization

Figure 1 The FT-IR spectra of the as-synthesized SBA15
MS, functionalized SBA15 MS1 and MS2 are shown in
Fig. 1. The peaks between 800 and 1050 cm™!, observed in
the sample represent the Si-O-Si vibration, which is common
in silica materials. The broad peak appearing between 3200
and 3600 cm™! was assigned to the stretching vibrations of
the Si-OH groups in MS.2'* After the functionalization,
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Fig. 2 (a) Nitrogen adsorption—desorption isotherms and (b) pore size distributions of MS, MS1 and MS2, respectively.

Fig. 3 (a) SEM image and (b) TEM image of the MS.

MS1 and MS2 exhibited new peaks related to the organic
functionality: (1) the vibrational modes of the amino groups
NH, at 3370 cm™~! and NH;* at 1620 cm ™!, (2) the stretching
and bending modes of the CH, groups at 2930 and
1385 cm~1.10:12:293D Thegse groups resulted from the surface
functionalization agents which contain N, H, and C. The Si-
OH peak intensity in MS1 and MS2 was reduced because of
the substitution of the Si—-OH groups by the amino groups.
And the element analysis of the adsorbents showed that
they contain 3.78% (2.70 mmol/g) and 3.31% (2.36 mmol/g)
in MS1 and MS2, respectively. The data obtained from
elemental analysis confirm the success of the functionaliza-
tion.

Figure 2 shows the nitrogen adsorption—desorption iso-
therms and pore size distributions from the adsorption branch
of the different adsorbents, respectively. The physical and
chemical properties obtained from the experimental iso-
therms are shown in Table 1. The specific surface, pore size,
and pore volume of MS1 became much smaller than MS.
This observation confirms that there are amounts of the
organic chain of the mesoporous silica surface due to the
functionalization. Each sample shows the type IV isotherm
according to the international union of pure and applied
chemistry (IUPAC) classification with HI1 hysteresis loops
representing the mesoporous materials.>? After the function-

Table 1 Physical and chemical properties of the MS, MS1 and MS2,
respectively.
Materials Surface area  Pore diameter ~ Pore volume N c;);tents
2. ,—1%1 *2 3.5-1%3 0,
, A/m>g , D/nm JV/em’g mmol-g~!*
MS 747.5 6.11 0.79 —
MS1 206.1 5.60 0.31 3.78, 2.70
MS2 226.5 5.80 0.33 3.31, 2.36

“ICalculated by BET method

“2Calculated by BJH method in the adsorption branch
“Calculated by BJH method in the adsorption branch
“Measured by element analyzer

alization, the pore structure of the adsorbents was maintained
because the shape of the isotherms and the hysteresis loops
are similar to SBAIS.

Figure 3 shows the SEM and TEM image of the mesopo-
rous silica MS. They exhibited the cylindrical and hexagonal
pore structures of typical SBA15.

3.2 Adsorption of Co(Il) and Mn(II) in a single
component system

The effects of pH on adsorption of Co(II) and Mn(II) onto

the functionalized SBA15 are presented in Fig. 4. In this
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figure, the adsorption capacity was attained at pH ranging
from 2 to 3, closed to the isoelectric point of the mesoporous
silica. This observation confirms that the decrease in the
positive surface charge have been occur lower electrostatic
repulsions between the surface of the adsorbent and metal
ions.

Table 2 shows that the batch tests with the Co(II) and
Mn(II) solutions were used to compare the adsorption
capacity of the three different adsorbents MS, MSI, and
MS2. In this table, the adsorption capacity of Co(II) on MS1
was significantly enhanced in comparison to the other
materials. The adsorption capacity of Mn(II) on MS2 was
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Fig. 4 Effects of pH on adsorption of Co(II) onto MS1 and Mn(II) onto
MS32, respectively.

Table 2 Adsorption capacity of mesoporous silicas MS, MS1 and MS2 for
Co(II) and Mn(II) in single component system at 25°C and pH 2.0.

Adsorption capacity, Q./mg-g~!

Materials
Co(I0) Mn(ID)
MS 0.91 0.72
MSI1 10.12 1.02
MS2 1.73 6.8
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significantly enhanced in comparison to other materials. The
differences in the adsorption capacities of MS, MSI1, and
MS?2 are due to the presence of an amine group on the surface
of the mesoporous silica. Specifically, MS1 and MS2 exhibit
larger adsorption capacities than unmodified MS as the amine
group has a high affinity toward metal ion. According to
recent research, the metal adsorption efficiency of the
surface-modified mesoporous silica increased due to the
presence of the functional groups.'®>!

3.3 Adsorption kinetics

Figure 5(a) shows that the adsorption of Co(Il) and Mn(II)
is a time dependence process. The adsorption process was
rapid in the first 30 min. At the initial adsorption stage, the
adsorbent surface contained a lot of available active sites
for metal binding, and fast adsorption took place. After
this adsorption slowed down due to the decrease of the
concentration of metals in the solutions phase as well as the
possible location of active sites in the positions that were
not easily available (e.g. inside the pores). The adsorption
kinetic study is helpful to understand the mechanism of the
adsorption reactions. The Pseudo-second order kinetic model
is based on the assumption that the rate-limiting step may be
chemisorption. This chemical adsorption involves valency
forces through the sharing or exchange of electrons between
the adsorbent and adsorbate, which is suitable for adsorption
at a low initial concentration. Figure 5(b) shows that the
results of the two adsorbents MS1 and MS?2 fit well with the
Pseudo-second-order eq. (3) (R* > 0.99). This observation
confirms that the Co(II) and Mn(II) adsorption onto the
adsorbents involves chemical adsorption through the for-
mation of the metal complex with the amine group of the
mesoporous silica surface.

3.4 Adsorption isotherms

The adsorption isotherms represent the adsorption capacity
of the adsorbent as a function of the adsorbate concentration
in the solution. A Langmuir isotherms model was chosen for
the equilibrium calculations since it is commonly used in the
description of liquid-solid systems. The Langmuir isotherm
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Fig. 5 (a) Effect of time and (b) Pseudo-second-order adsorption kinetics of the adsorption for Co(II) and Mn(II) by the MS1 and MS2 at

25°C and pH 2.0.
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Fig. 6 (a) Non-linear Langmuir adsorption isotherms and (b) linear Langmuir isotherms of the adsorption for Co(II) and Mn(II) by MS1

and MS2 at 25°C and pH 2.0.

assumes that adsorption occurs at specific homogeneous sites
within the adsorbent without any interaction between the
adsorbed substances and the monolayer adsorption. The
adsorption data of Co(Il) and Mn(II) on MS1 and MS2 as a
function of the initial concentration of the metal ion at pH 2.0
is shown in Fig. 6(a). In the figure, the adsorption curves
indicate that the adsorption capacity of MS1 and MS2 for
Co(II) and Mn(II) increases as the initial concentration of the
metal ion increases until reaching the plateau. Figure 6(b)
shows that the equilibrium data of the adsorption fit well with
the Langmuir adsorption isotherm eq. (5) (R> > 0.99).

3.5 Adsorption of Co(I) and Mn(II) in binary compo-
nents system

Table 3 shows the adsorption capacity of the adsorbents
for Co(Il) and Mn(Il) in a binary system. In the binary
components system, the adsorbents achieved over 95% of the
adsorption capacity in comparison with the usage of a single
component system and more selectivity of Co(II) and Mn(II)
in each metal ion (Table 3).

3.6 Regeneration efficiency

Regeneration of a spent adsorbent is necessary to restore
its original adsorption capacity. This enables valuable metals
to be recovered from aqueous solutions that contain metal
ions. In this study, desorption of MS1 and MS2 was almost
complete for Co(II) and Mn(Il) using 2M HNO; solution.
These results indicate the suitability of 2M HNOj solution as
a desorption agent for both adsorbents. Then, regeneration
efficiency of over 90% for the adsorbents after 5 cycles was
achieved. The adsorption efficiency was slightly reduced in
the subsequent cycles.

4. Conclusions

Functionalized mesoporous materials with amino func-
tional groups were synthesized to achieve Co(Il) and Mn(II)
adsorbents from aqueous solution using surface functional-
ization agents such as EDTA and DMAC. The adsorption
capacity of the metal ions on the MS1 and MS2 was

Table 3 Adsorption capacity of functionalized mesoporous silicas MS1
and MS2 for Co(II) and Mn(Il) in binary component system at 25°C and
pH 2.0.

Adsorption capacity, O./mg-g~!

Materials
Co(II) Mn(Il)
MS 0.32 0.28
MSI1 9.73 0.21
MS2 0.15 6.51

significantly higher than MS. The adsorption results of the
adsorbents for Co(II) and Mn(Il) fit well with the Pseudo-
second order kinetic model and the Langmuir adsorption
isotherm model. Moreover, the adsorbents could be regen-
erated for subsequent use with regeneration efficiencies of
over 90% after 5 cycles and more selectivity in the binary
components system. These results are relatively promising, as
the used adsorbents could be regenerated and reused for
subsequent use, thus improving their cost-effectiveness and
reducing the operational cost of metal recovery applications.
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