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An organic-inorganic hybrid material based on a silica matrix and functionalized with imidazole
group was successfully synthesized by the sol-gel process. The characterization techniques enabled
the confirmation of the proposed structure as well as the effectiveness of the imidazole ring
functionality in the structure of the material. It is insoluble in water and showed an anion exchange
capacity of 2.944 mmol g'!, an excellent capacity for the adsorption of metal ions according to
the literature. Thus, the metal halides CuCl,, CdCl, and NiCl, were adsorbed by the modified
silsesquioxane from aqueous solutions. The adsorption isotherms results showed the availability
of 3-n-propylimidazolium silsesquioxane chloride (Silmi*CI") as an efficient adsorbent material in
the adsorption of metal ions, exhibiting a higher affinity for the Cu?* ions at pH 4, with a maximum
adsorption capacity of 2.80 mmol g*'. The Langmuir, Freundlich and Sips models were applied to
the adsorption isotherms, both the pH and the nature of the ion were observed to be factors that
influence the adjustment of the isotherms to the proposed models.
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Introduction

The release of toxic heavy metals in the environment
has been a cause of concern due to their non-degradability,
bioaccumulation and consequent toxicity for the life of
humans and other living beings. Various emissions such
as industrial waste, agriculture and ecological disasters
are responsible for the presence of these compounds in
the atmosphere and ground water, for example.'”* These
compounds when bioaccumulated in our body by ingestion
of contaminated food, water and air induce the production
of free radicals and reactive nitrogen species which cause
deoxyribonucleic acid (DNA) damage, several damages
to the living tissues and can initiate a series of diseases,
such as cancer.*” Therefore, it is extremely important to
develop more sensitive and reliable methods for detecting,
monitoring and treating heavy metals in environmental and
biological samples.

Among the various heavy metal removal methods
available, such as chemical precipitation,®® ion exchange,'*!?

*e-mail: sergiofujiwara@gmail.com

adsorption,'*!” and membrane filtration,'®%° the adsorption

appears to be an effective and economic method due to its
simplicity and low cost. For this purpose, there are reports
of many adsorbents,?">* but the silica-based compounds as
silsesquioxanes have generated considerable interest due
to their mechanical and thermal stability, well-established
particle sizes, well-defined porosity and high surface
area.’®>! Besides presenting high chemical reactivity due to
the presence of silanol groups (Si—OH), these compounds
when modified with functional groups, mainly nitrogen-
containing ligands, improve the selectivity and adsorption
capacity of adsorbents.?>3*
that a silica-based compound modified with 5-amino-
1,3,4-thiadiazole-2-thiol was characterized by a higher
sorption capacity of metals than the unmodified one. For
example, the sorption capacity of Hg?* by the modified
silica-based compound was 8.44 mg g, while by the
unmodified silica it was 2.67 mg g

Silsesquioxanes are organic-inorganic hybrid materials
that have organofunctional groups attached to silica
matrices.” The pendant organic groups can be linked
to the inorganic core mainly in two ways, by sol-gel

Tzvetkova et al.’® reported
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pathways to obtain a hybrid network through hydrolysis
and condensation of organically modified metal alkoxides
or metal halides and the grafting.’*” The grafting refers
to post-synthesis modification of a pre-fabricated silica
core by the attachment of functional molecules to the
surface of the silica matrix.*®3* Fujiwara et al.* reported
a charged silsesquioxane prepared by attaching pyridine
group grafted onto the silica gel surface. The silsesquioxane
demonstrated large exchange capacity associated with high
affinity for Fe**, Cu** and Zn*". Furthermore, the film was
used in various cycles of metal ions adsorption-elution
operations without detectable loss of exchange capacity.
Magosso et al.*! proved that the fixation of Zn?**, Cd** and
Hg?* by affinity constants occurs in the form of anionic
metal complexes on the silica surface with methylpyridine
group. The compound presented high exchange capacity,
good chemical and thermal stability.

Thus, in this study, the 3-n-propylimidazolium
silsesquioxane chloride polymer designated Silmi*CI~
prepared by sol gel process was used as adsorbent material.
This organic-inorganic hybrid material was applied in
the adsorption processes of heavy metals, such Cu*, Ni**
and Cd** from aqueous solution and were quantitatively
evaluated using the Langmuir, Freundlich and Sips models.
The material was chemically prepared with imidazole,
an organofunctional group extensively reported in the
literature due to the fact that nitrogen atoms present in this
molecule allow its coordination with a variety of transition
metal ions.*>#

Experimental

Synthesis of 3-n-propylimidazolium silsesquioxane chloride
(Silmi*CI)

The 3-chloropropyltrimethoxysilane, tetraethyl-
orthosilicate, ethanol and imidazole were of analytical
grade purity, from Sigma Aldrich (Sdo Paulo, Brazil)
and used as received. In a round bottom flask, 40 mmol
imidazole was dissolved in 20 mL ethanol and 40 mmol
3-chloropropyltrimethoxysilane were added. The mixture
was stirred under argon atmosphere at around 350 K for
1 h. After that, tetraethylorthosilicate (5.95 mL) dissolved
in ethanol, was added in the flask and stirred until the
formation of a solid. The Figure 1 showed the reaction
product, Silmi*CI- (Figure 1a) that was rotaevaporated to
eliminate the solvent. The solid obtained was macerated and
passed through 60 to 250 mesh sieves. The same procedure
was done to obtain the silica-based material unmodified
with imidazole, 3-n-propyl silsesquioxane chloride or SiCl
(Figure 1b).
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Figure 1. Arrangements of the carbon chain in the silsesquioxane structure
(a) Silmi*Cl; (b) SiCl.

Solid state nuclear magnetic resonance

Solid state '*C and *Si nuclear magnetic resonance
(NMR) experiments were performed on a Bruker Advance
IIT 400 spectrometer. For solid state experiments, the
variable amplitude cross-polarization magic angle
spinning (VACP-MAS) pulse sequence was implemented
using a standard MAS probe 4 mm at room temperature.
For BC and *Si signals, glycine and kaolin samples
(Sigma Aldrich, Sdo Paulo, Brazil) were established as
patterns, respectively. The samples were placed on a Kel-F
rotor and they were spun at 12 kHz (**C) and 8 kHz (¥*Si).
The cross-polarization pulse sequence was accomplished
at 1 ms contact time value and 17.9 ms acquisition time
to 1®C, while the *Si measurements was 9.5 ms contact
time value and 24.9 ms acquisition time, during this time
a SPINAL-64 pulse sequence was performed for the
decoupling process between hydrogen nuclei and carbon/
silicon nuclei.* The recycle time delay was 0.5 s to *C
and 5.0 s to ¥Si.

Infrared analysis

Fourier transform infrared spectroscopy (FTIR)
measurements were carried out in an infrared spectrometer
FTIR SHIMADZU (Prestige 21) on a transmission mode.
Spectra were collected in the range 400 to 4000 cm'
at 2 cm! resolutions with 64 scans, using a pressed
KBr (Sigma Aldrich, Sao Paulo, Brazil) disk with each
sample.

X-ray diffraction
The X-ray diffraction (XRD) patterns of the powdered

samples were obtained in a Rigaku diffractometer model
Ultima IV using Cu Ko (A = 0.15418) as radiation source.
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The ion exchange capacity of the polymer Silmi*Cl~
was determined by immersing 0.1 g of the material into
30 mL 0.1 mol L' HNO, (65%, Biotec, Sdo Paulo, Brazil)
aqueous solution and the amount of chloride ion released
was determined by potentiometric titration, under stirring
with standard 0.01 mol L' AgNO, (99%, Vetec, Séo Paulo,
Brazil) solution. The exchange capacity, N,, obtained was
2.944 + 0.004 mmol g

Adsorption isotherms

The adsorption isotherms of the metal ions were obtained
at 301.15 K in aqueous solutions by the batch technique.
About 0.01 g of the adsorbent was immersed in 10 mL metal
halides solution, CuCl,, NiCl, and CdCl,, (all 97-99%) from
Synth (Sa@o Paulo, Brazil) of variable concentrations, from
0.0735 to 8.82 mmol L' and the mixture was shaken for 8 h.
The amount of metal ions adsorbed by the solid phase, N,
was calculated by applying the equation N; = (N, — N,)/m,
where N, is the initial metal mol number and N, the metal
mol number in equilibrium with the solid phase, and m is
the mass weight of the adsorbent. The metals in the solution
phase were determined by atomic absorption spectroscopy
(FAAS) VARIAN, model AA240FS.

Results and Discussion

Figures 2 and 3 present the solid state *C and *°Si
VACP-MAS NMR spectra for Silmi*CI™ and the unmodified
sample, SiCl. These spectra were acquired to have structural
information about the functional molecules bound to the
surfaces.

The *C NMR spectra (Figures 2a and 2b) showed
specific peak positions assigned according to the numbers
shown in Figure 1. The results present signals at 10, 26
and 47 ppm to SiCl (Figure 2a) assigned to C,, C,, and C,,
respectively. The peaks at 10, 24 and 50 ppm to Silmi*CI~
assigned to C,, C,, and C;, respectively. On the other hand,
Silmi*CIl~ showed peaks at 122 and 136 ppm which are
attributed to C, 5 and C, of the imidazole ring, respectively
(Figure 2b). The greater chemical shifts of C, 5 and C for
Silmi*Cl" indicate the presence of carbons bound to a high
charge density group, like nitrogen. The small intense peaks
at 18 and 58 ppm, observable in Figure 2a, are due to the
unreacted n-propyl groups.*>*

Figure 3 presents the Si NMR spectra for SiCl and
Silmi*Cl". The signals around —110 ppm are attributed to
Si(OSi), or Q* species. The peaks at —102 ppm correspond
to Si(OSi),OH or Q* species. The Q units are attributed to Si
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Figure 2. Solid state NMR spectra by performing the VACP-MAS pulse
sequences to detect *C nuclei (a) SiCl; (b) Silmi*Cl-.

-40 -60 -80 -100 -120 -140
Chemical shift / ppm

Figure 3. Solid state NMR spectra by performing the VACP-MAS pulse
sequences to detect *°Si nuclei (a) SiCl; (b) Silmi*CI-.

atoms of the inorganic silica matrix in the siloxane binding
environment without hydroxyl groups (Q*) or present an
isolated silanol group (Q?%). In addition, the signals around
—67 ppm may be assigned to the silicon atom of the RSi(OSi),
or T? structures.**” The peaks around —58 ppm are assigned
to RSi(OSi),0H and correspond to the T? signals. The other
peak at =50 ppm is attributed to RSi(OSi)(OH), or T units.
The presence of T3, T*> and T' signals confirms that the
organic groups are covalently bound to the silica surface.**>

FTIR spectra of SiCl (Figure 4a) and Silmi*Cl~
(Figure 4b) displayed bands characteristic for silsesquioxane
backbone, with the bands at 1100 cm™ and 790 cm
ascribed to the asymmetric and symmetric vibrations of the
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siloxane groups (Si—O-Si), respectively. The bands around
3500 and 1630 cm™' were due to the bonding deformation
of silanol group Si—OH and adsorbed water. Around
470 cm! they were assigned to the bonding deformation
Si—O-Si. The peaks at 2900 cm™ were attributed to the
C-H stretching vibration of propyl groups. In addition, all
the vibrations mentioned appeared in both materials and
were formed during the hydrolysis-condensation reaction of
3-chloropropyltrimetoxysilane and tetraethylorthosilicate.>!
In the spectrum of Silmi*Cl-, a band was assigned between
the regions 1411-1632 cm’!, due to the ring stretching
vibration of the imidazole ligand, corresponding to
C=N, C-N and C=C stretching of the heterocyclic ring.
Furthermore, a peak appeared at 3000 cm™ which refers to
the C—H stretching vibration of imidazole ring.*!-*

(a) SiCl

Transmittance / %

vSi-O-Si

3500 3000 2500 2000 1500 1000 500

Wavenumber / cm ™
Figure 4. FTIR spectra of (a) SiCl and (b) Silmi*Cl~ made in KBr pellets.

As shown in Figure 5, the XRD patterns of the SiCl
(Figure 5a) and Silmi*Cl- (Figure 5b) samples exhibited
two characteristic peaks. Based on the literature,>8 the
products are amorphous but the sharp diffraction peak d,
that was assigned to the intramolecular periodic chain-to-
chain distance, indicates layered silsesquioxane compounds
or lamellar silica. The peak d, is quite broad in all products
and although its maximum is rather difficult to determine, it
can be ascribed due to the halo of amorphous silica and the
contribution of the Si—O-Si units.’** However, an increase
in the d,-spacing, of approximately 3 A was allowed due to
the imidazole incorporation in the silica matrix structure.
These results indicated that the final material synthesis
was successful.

Adsorption isotherms

There are many reports in the literature®-* describing
materials containing imidazole as adsorbents of metal ions,
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Figure 5. Powder XRD patterns of (a) SiCl and (b) Silmi*CI".

the adsorption capacity of metal ions is due to the presence
of a coordinating nitrogen in imidazole. Due to this fact the
synthesis of a silsesquioxane containing imidazole in its
structure becomes very interesting. Several silsesquioxanes
have been synthesized and applied in the adsorption of metal
ions. #0416 SiPy*Cl- (3-n-propylpyridinium silsesquioxane
chloride), is one of them, which has already been used
in adsorption of metal halides from ethanol solutions.®
The parameters as the time to reach equilibrium and the
ratio between the mass of the adsorbent and metallic ions
concentration were based on preliminary tests.

The influence of the pH value is an important factor
in adsorptive processes, due to this fact, the adsorption
studies of the metal ions were carried out at different pH
values as shown in Figure 6. This figure shows that the
adsorption of metal ions decreases with the acidity of the
solution. Obviously, a pH range of 4.0-6.0 is optimal for
the adsorption of metal ions. Adsorption experiments at
pH values higher than 6.0 were not carried out because
of the risk of precipitation into hydroxide species.'>1665:66
At pH 2.0 the least adsorption of metallic ions was found,
like other works.®*¢” This result may be because the high
concentration of protons strongly competes with metallic
ions to interact with the nitrogen groups, decreasing ions
adsorption.**®” Through species diagrams (Supplementary
Information section), Cu*, Ni** and Cd** in aqueous media
at pH above 3.0 were also seen to exist in the forms of
Cu(OH)*, Cu,(OH),*, Cu,0OH*", NiOH* and CdOH*, which
favor adsorption processes. This leads to the assumption
that nitrogen groups adsorb hydroxyl ions from the solution
through hydrogen bonds, increasing the adsorption values.®
However, at pH around 4.5 for Cu®* the precipitation of
CuCl,:3Cu(OH), and CuO gradually occur on the surface
of the adsorbent, decreasing significantly the adsorption
of copper ions.



Vol. 31, No. 10, 2020

30fF
2.8 — (a)

N - &
o
; —
E by
>
—s—pH?2
—e—pH4
—A—pH6
ool v
0 1 2 3 4 5 6 7 8

Ribicki et al.

N,/ (mmol g")

2053

)

[CdCL,],, / (mmol L)

El
N,/ (mmol g*)
o o o o
w B (4] (]

o
M)

o
e

o
S)

—s—pH?2
—e—pH 4
—A—pH 6

1 n 1 L 1

0 1 2 3

4

5 6 7

[NiCL,],,, / (mmol L")

Figure 6. Adsorption isotherm of (a) Cu®* ions, (b) Cd** ions and (c) Ni** ions on Silmi*Cl-.

The Langmuir, Freundlich and Sips isotherm models
were used to interpret and evaluate the adsorption data
from the experiments performed at pH from 2.0-6.0. The
Langmuir model (equation 1) assumes the monolayer
and uniform adsorption of adsorbate onto a homogenous
adsorbent surface.®® The Freundlich isotherm (equation 2)
assumes a non-ideal and reversible adsorption on multilayer
heterogeneous surface with interaction between the adsorbate
molecules.® In equations 1, 2 and 3 N; (mmol g™') is the
adsorption capacity at equilibrium, N, (mmol L") is the
equilibrium concentration of the metal ions, N/ (mmol g-')
is the Langmuir monolayer adsorption capacity, K,
(L mmol™) is the Langmuir constant, K, (mmol g!) is the
Freundlich parameter, and 1/n is the adsorption intensity.

N 1
= —xK| +——
Nf le:nax xRy + N;nax (l)
1n(N;)=1n(KF)+1»dn(N;) 2)
n

The Sips isotherm is a combination of Langmuir and
Freundlich isotherms, which incorporate three parameters
into an empirical equation. At low adsorbate concentration
this model reduces to the Freundlich model, but at high
concentration of adsorbate, it predicts the Langmuir model
(monolayer adsorption).®® In equation 3, Q, (mmol g') is
the Sips adsorption capacity, K (L mmol™') is Sips isotherm
exponent, and n is Sips isotherm model constant. The
constant n describes the surface heterogeneity and when
equals unity, the Sips isotherm returns to the Langmuir
isotherm and predicts homogeneous adsorption. On the
other hand, deviation of n value from the unity indicates
heterogeneous surface.” The parameters Q,,,, K and n are
determined from nonlinear regression analysis.

Qe x (K x NY)" 3
M_1+mef &

The values of isotherms parameters obtained are shown
in Table 1.
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Table 1. Langmuir, Freundlich and Sips parameters for metal adsorption on Silmi*CI-, pH 2.0-6.0

Langmuir Freundlich Sips
Metalion  pH  Nmix/ K,/ ) K/ 2 Qu./ K/ ) 2
(mmol g™') (L mmol™") (mmol g™) (mmol g') (L mmol™)
2 2.55 0.34 0.849 0.57 1.31 0.942 1.93 0.71 1.21 0.989
Cu? 4 2.80 3.47 0.996 1.55 2.07 0.906 3.56 1.15 0.82 0.997
6 1.31 0.61 0.957 0.42 222 0.971 2.37 1.05 0.63 0.988
2 1.38 0.36 0.967 0.30 1.31 0.983 1.07 0.57 1.35 0.986
Cd* 4 4.53 0.09 0.870 0.35 1.11 0.994 1.97 0.23 1.56 0.993
6 2.83 0.18 0.961 0.35 1.18 0.980 2.30 0.20 1.20 0.978
2 0.93 0.66 0.960 0.30 1.83 0.978 0.79 0.76 1.72 0.976
Ni? 4 1.02 0.76 0.974 0.36 1.99 0.965 1.16 0.65 0.81 0.981
6 1.07 0.74 0.971 0.38 2.20 0.978 1.83 0.59 0.50 0.983

N;m#: Langmuir adsorption capacity; K, : Langmuir constant; K;: Freundlich parameter; n: adsorption intensity, Q,,: Sips adsorption capacity; K: Sips

constant; n: surface heterogeneity; r*: regression coefficients.

The adsorptions models were observed analyzing
the regression coefficients for metal ions. In Cu** case,
both the Langmuir and Sips isotherm models fitted better
than Freundlich model at pH 4, indicating that the Sips
isotherm equation reduced to the Langmuir equation and
a monolayer adsorption with heterogeneous distribution
of the active sites occurred on adsorbent surface. At pH 2
and 6, occurred a heterogeneous adsorption because the
interference of the species like H* and the precipitation of
the copper compound, thus the Sips model was seen as the
most appropriate. The Sips and Freundlich isotherm models
well fit the experimental data to Cd**, which indicated
that homogenous and heterogeneous adsorption occurred
on the surface of adsorbent. In the case of the regression
coefficients for the Ni?*, the heterogeneity of the system was
also observed and the model that best fitted the experimental
data was the Sips model. In general, the founded Sips r?
indicates the absorption of Silmi*Cl~ was not only simple
single molecule adsorption but also complex mixed
adsorption %™

According to the results, loading capacities were found
to decrease in the following order Cu** > Cd** > Ni**
and they agreed with previous studies.'*!>*37! So, this
selectivity is mainly based on hydrated metal cations. The
higher Cu?* adsorption may be related to the stability of
the octahedral hydrated complexes M*(H,0),. The Cu?*
configuration is d’ in complex Cu(H,0O),and the Jahn-Teller
effect occurs, which causes distortions in the bonding
lengths, decreasing the binder-metal bonding energy. The
decrease in bonding energy causes the loss of surrounding
water molecules making the Cu?* more available than other
ions for bonding to the Silmi*Cl™ material. The Jahn-Teller
effect does not occur in Ni** and Cd** complexes because

sat*

the configurations are d® and d'°, respectively. According to
Cegtowski and Schroeder™ there was a strong interaction
between Cu?* ions and a binder containing pyridine and
imidazole due to the high complexing property between
ion and nitrogenous binder. The same authors also
concluded that this does not occur with Ni** due to the low
complexation property, which is a result of weak metal-
binder interactions.

Considering the Silmi*Cl~ chemical structure as
shown in Figure 7, several adsorption mechanisms may
be involved. According to the literature, four mechanisms
for metal ions removal are possible using the adsorbent.
The mechanisms are: complexation with nitrogen in the
imidazole to the metal ions;”*” ion exchange of residual
Si—OH groups with the metal ions;”*” physisorption
through van der Waals interactions of the alkyl chains in
Silmi*CIl~ with the metal ions””° and anionic complexation
through the complexation of anionic metallic ion chlorides
with positive nitrogenous groups of Silmi*Cl-.4!43

The possible uptakes of metal ions via ion exchange
were qualitatively confirmed according to the literature.”
The pH value for the metal ions before the adsorption
decreased at the end of the adsorption process as shown
in Figure 8. This implies that Cu?*, Cd** and Ni** were
captured through ion exchange with H*. The release of this
H* caused pH reduction.

To compare the adsorptive capacity of the material
synthesized with other adsorbents, Table 2 shows the
adsorptive capacities of some adsorbents for the Cu**, Cd**
and Ni** ions reported in the literature.

Among the adsorbents mentioned in the literature,?3404!
Silmi*Cl™ material was presented as an efficient adsorbent
for ions. Comparing the adsorptive capacities of the
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Silmi*Cl- material with the materials which are known
to be excellent complexing agents of metal ions and are
commercial mesoporous materials, excellent adsorption
capacity of Cu?* and Cd** ions and satisfactory adsorption
of Ni** ions were observed.

Conclusions
The Silmi*Cl- silsesquioxane was organo-

functionalized from the sol-gel method through the
reaction between imidazole and silicon precursors

Table 2. Comparison of the adsorption capacity for Cu**, Cd** and Ni**
with silica-based adsorbents

Adsorption capacity / (mg g')

Adsorbent - Reference
Cu2+ Cd2+ N12+
KIT-6/EDTA* 76.88 15737  65.73 15
SBA-15/EDTA* 85.78 12027  66.90 15
PBIm® 35.74 - - 42
Pim® 66.09 - - 42
NH,-MCM-41/Nylon6¢ 35.8 27.6 - 66
T8-Pr-DPA! 98.49 97.79 14.67 71
PMHS-g-PyPzAllyl* 94.04  106.79  46.36 72
PMHS-g-PyPz(OEt),Allylc  67.35 139.39  34.04 72
MCM-41/PEIf - 156.0 139.7 73
NH,-MCM-41¢ - 80.0 40.0 76
SBA-15/PAMAM" 110.55  109.03 - 71
R-POSS/Nano-celulose' 24.50 - 8.18 78
CF-S-N! 197.44  187.43 - 79
Silmi*Cl* 17791 155.12  59.64  this work

“Ethylenediamine tetraacetic acid (EDTA) modified with mesoporous
silica; °poly(dimethylsiloxane) networks functionalized with imidazole or
benzimidazole; “porous amine-modified nanocomposite; “nanostructured
organosilicate octakis[3-(2,2’-dipyridylamine)propyl]octasilsesquioxane;
esilica polymers obtained by grafting pyridine-pyrazole ligands onto
polymethylhydrosiloxane; ‘nano-spherical amine-rich polyethylenimine
(PEI) grafted on mesoporous; émesoporous materials including amino
groups; "functionalized mesoporous silica with polyamidoamine
groups; ‘nano-cellulose hybrids containing reactive polyhedral
oligomeric silsesquioxanes; Jporous magnetic composite functionalized
by 3-aminopropyltriethoxysilane; *Silmi*Cl~: 3-n-propylimidazolium
silsesquioxane chloride.
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(3-chloropropyltrimetoxysilane and tetraethylorthosilicate).
This synthesis was successfully obtained, as it could be
observed mainly by the analysis such as FTIR and NMR. The
adsorption of Cu**, Cd** and Ni** ions was performed with
high adsorption isotherms. In general, the Sips isotherms had
higher regression coefficients than Langmuir and Freundlich.
This suggests the heterogeneous surface condition coexist
with monolayer sorption under the experimental conditions.
According to the results, the adsorption of metal ions occurs
in the order Cu** > Cd** > Ni**, mainly due to the higher
affinity of the material for Cu®* ions and lower for Ni** ions.
When comparing the adsorbents reported in the literature,
regarding the adsorption of metal ions, some silica-based
materials and chelating group such as ethylenediamine
tetraacetic acid (EDTA), the synthesized material has been
seen to adsorb a relatively higher amount for metal ions in
general.

Supplementary Information

Supplementary information is available free of charge
at http://jbcs.sbq.org.br as PDF file and presents the species
diagram of ions Cu*, Ni** and Cd*.
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