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Attachment of 2,2-bipyridine onto a silica gel for application as a seques-
tering agent for copper, cadmium and lead ions from an aqueous medium
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A method was developed to attach 2,2-bipyridine (BP) onto a silica gel surface by a two-step reaction.
The first step consisted of a reaction between the matrix and a silylating agent, 3-chloropropyltrimeth-
oxysilane. In the second step of the reaction, a ligand molecule was attached onto Si-CPTS, yielding the
product Si-BP. The modified material contained 0.431+0.01 mmol of 2,2-bipyridine per gram of modified
silica, as confirmed by FT-IR spectra of the proposed structure. The surface modification was character-
ized by the BET technique, which revealed a decrease in the surface area from 614 to 450 m* g"'. The
series of adsorption isotherms for the metal ions were adjusted to fit a modified Langmuir equation. The
maximum number of moles of copper, cadmium and lead ions adsorbed was 0.64, 0.53, and 0.54 mmol
g, respectively. The surface saturation was calculated as ¢ fraction and the values obtained, Cu(Il) =
1.160, Cd(II) = 1.044 and Pb(II) = 0.997, suggest a type 1:1 metal-ligand complex.
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INTRODUCTION

In the last two decades, human activities have se-
verely impacted the quality of natural water resources
by discharging a wide variety of pollutants directly into
rivers'™ and streams or via sewage treatment plants that
are not completely effective in removing species such as
heavy metals®. Moreover, the large-scale production of
food for the continually growing human population has
become another major source of metal pollution due
to percolation or leaching, since metals are present in
fertilizers as constituents or contaminants.

In this context, industrial activities, mining, sewage
and farming contribute to increase the concentrations
of metal in natural water bodies. The nondegradability
of these species is responsible for the process of ac-
cumulation occurring in the food chain and its adverse
effects on living organisms.

Modified silica-based materials have been synthesized
and applied in several fields of research, including
medicine®® and chemistry, as stationary phases for liquid
chromatography®!® and sequestering agents for metal
ions in aqueous and ethanol media',

Their application stems from the fact that the surface
reactivity and large surface area of silica, when coupled
to a sol-gel process, allow for the synthesis of materials
with desirable characteristics'>. With regard to the ap-
plication of silica in metal sequestration, its high surface
area is one of its most important characteristics because
it allows large quantities of ligand molecules to be grafted
onto the silica matrix'®. Recent works report the high
sorption capacity of modified mesoporous silica and its
large surface area of more than 700 m? g' 115,

The modification of silica surface through the attach-
ment of a ligand molecule containing Lewis base as an
adsorption site can be achieved by a silanization proce-
dure involving covalent grafting followed by a second step
involving its reaction with an organic ligand molecule.

A major advantage of this procedure is the possibility
of developing a modified material which is selective for
some metal ions, depending on the type of base (hard,
soft, or intermediate)" in the molecule.

In this work, silica gel with a high surface area was
prepared via the sol-gel route and modified in a two-
step reaction with a 2,2-bipyridine ligand molecule.
The modified material was characterized by the BET
method, elemental analysis and FTIR spectra and em-
ployed in Cu(II), Cd(II) and Pb(II) solid-phase extrac-
tion experiments. The developed method was applied in
the preconcentration of metal species in a fresh water
sample from Parand River, Ilha Solteira, SP, Brazil, and
its accuracy was evaluated by the comparison against a
certified reference material (SRM 1643e).

EXPERIMENTAL

Reagents and analytical solutions

All the glassware used in the experiments was kept in
an immersion bath of HNOj solution 0.1% (v:v) for a
period of 3 days. After this time, the material was rinsed
in distilled water and deionized water. All the solutions
were prepared with high purity chemicals and deionized
water (Milli-Q system, Millipore). Hydrochloric and
nitric acids were previously distilled in a sub-boiling
system (Marconi).

Stock solutions of copper, cadmium and lead were
prepared by dissolution of their respective salts in
deionized water. The solutions and supernatant con-
centrations were determined directly by flame atomic
absorption spectrometry (Analyst 700, Perkin Elmer)
after stepwise dilution.

Functionalization of silica gel

Silica gel was prepared by the sol-gel route, as described
in a previous work'S, In the first reaction, 5 g of silica



gel was suspended in 50 mL of N,N-dimethylformamide
(DMF) and 0.0235 moles of silylating agent 3-chloro-
propyl-trimethoxysilane was added to the mixture. The
reaction was performed in a nitrogen atmosphere at
423.15 K for 48 h. The product obtained in the first step
(Si-CTPS) was washed with ethanol and then subjected
to a reaction with 0.0235 moles of 2,2-bipyridine ligand
molecule in a nitrogen atmosphere at 423.15 K for 48
h. All the calculations took into account the presence
of 4.6 OH groups per square nanometer of silica. Fig-
ure 1 illustrates the two-step reaction involved in the
functionalization of silica gel.

Characterization

The quantity of 2,2-bipyridine molecules bound to
the silica surface was determined by nitrogen elemental
analysis (Thermo Finnigan, Flash 1112 Series EA CHNS),
while the FTIR spectra were collected on a Nicolet Nexus
670 FT-IR with a smart collector. The silica surface area
was determined by the BET method®, based on the
adsorption of gaseous nitrogen under several pressures
at 77.74 K, using an automated Micromeritics ASAP
2010 chemisorption analyzer.

Solid Phase Extraction Experiments

The purpose of the solid phase extraction experiments
was to investigate some of the parameters related to
metal/surface interaction. These parameters included
the dynamic equilibrium at stirring times ranging from
1 to 30 minutes, the influence of pH on the extraction
process, and the maximum extraction or sorption capacity
of Si-BP modified material. A mass of 0.05 g of Si-BP
used was used in all the experiments.

The dynamic equilibrium experiments were performed
using the batch technique. 20 mL of metal solution were
transferred to a volumetric flask and the volume was
adjusted with deionized water. The contents of the flask
were transferred to a conical flask and stirred for a given
time. The mixture was filtered and the supernatant metal
concentration determined by flame atomic absorption
spectrometry (FAAS). The experiments to determine the
influence of pH were carried out as explained above,
with a stirring time of 10 minutes, and the pH of the
solution was adjusted with diluted nitric acid and sodium
hydroxide solution in a range of 1 to 5. To determine
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the maximum adsorption capacity, the stirring time was
set at 10 minutes, the pH of the solution at 5, and the
concentration of the metal solution was increased to
5.0x10° mol L! for a final volume of 50 mL.

Column experiments

The preconcentration factor (PF) for all metal spe-
cies were determined in a continuous flow system us-
ing a micro column (5 mm long and inner diameter of
2.0 mm) packed with 15 mg of Si-BP. The aliquots of
50 mL of metals species solutions 0.01 mg L, were
percolated through the column at flow rate of 1.0 mL
min” and then eluted with 1.0 mL of HNO; 2.0 mol L™,
also at a flow rate of 1.0 mL min’!. The eluates were
collected in polyethylene flasks, followed by metals spe-
cies determination by FAAS. After the determination of
preconcentration factor the system was applied in the
preconcentration of 50 mL of natural water sample, which
was mineralized as described in a previously published
work?2, This step was necessary to remove the influ-
ence of organic matter®.

RESULTS AND DISCUSSION

Si-BP Characterization

The amount of 2,2-bipyridine bound to the silica surface
was 0.431 mmol per gram of material. The specific surface
area of bare silica was 6147 m? g!, while that of the
silica with the silylating agent and the modified one was
498+9 and 450+5 m* g, respectively. This lower surface
area was due to the presence of pendant groups, which
blocked the access of gaseous nitrogen molecules into
the structure of the modified silica?***. The FTIR spectra
of pure silica, silica with silylating agent, and silica with
2,2-bipyridine molecule were recorded, as illustrated in
Figure 2, to confirm the reactions depicted in Figure 1.

The Si-CPTS in Figure 2(a) presents three bands
originating from C-H stretching, which occurred in the
region of 3000-2840 cm™'. These bands can be attributed
to asymmetric (v,,CH,) and symmetric (,,CH,) stretching
of methylenic (existing in the silyl structure).

A comparison of Si-CPTS and Si-BP indicated that the
absorption bands slowly shifted to higher wave numbers,
probably due to the influence of the aromatic ring. The
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Figure 1. Reaction steps involved in ‘silica‘surface modification with'2,2-bipyridine ligand
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Figure 2. Transmittance Fourier transform infrared spectra of

pure silica (SiO2), silica with silylating agent (Si-

CPTS), and silica with 2,2-bipyridine (Si-BP)
band appearing in the region of 3000 cm™ was attributed
to C-H stretching vibration of C-H from heteroaromatic
molecules®. Figure 2(b) show FTIR spectra from 1600
to 1300 cm™. Several absorption bands identified in the
Si-CPTS spectrum were attributed to scissoring vibrations
(1463 cm™) and twisting and wagging vibrations (1348
cm™) of methylenic groups. The same absorption bands
were observed in the Si-BP spectrum, but ring stretching
vibrations occurred in the general region between 1600
and 1300 cm™ and the modification observed in this
region was attributed to attachment of the 2,2-bipyridine
molecule onto the silica surface.

Solid phase extraction experiments

An important aspect of solid sorbents is the rate at
which the material adsorbs metal ions from solution and
the time required for the system reach equilibrium. Fig-
ure 3 shows the extraction of Cu(II), Cd(II), and Pb(II)
from an aqueous medium under different stirring times.

Figure 3 indicates that the kinetics involved in the
adsorption of the metals ions under study was relatively
fast, i.e., about 10 minutes, suggesting a good potential
for application in column preconcentration procedures.

As it can be seen in Figure 4, the ability of Si-BP to
extract metals is highly dependent on the pH of the
solution. An increase in the concentration of H* spe-
cies impaired adsorption, which can be explained by the
protonation of adsorption sites on the ligand molecule.
Experiments at pH exceeding 5 were not carried out due
to the risk of undesirable hydrolysis and metal hydroxide
precipitation.

The ability of Si-BP to extract the metal ions under
study was characterized by its adsorption capacity, which
was determined from the saturation range of the metal
loading isotherms shown in Figure 5. The adsorption
capacity (mmol g') was calculated using equation (1):
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where N, is the number of metal moles adsorbed on the
silica surface, n; and n; are the number of metal moles of
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Figure 3. Dynamic equilibrium established by different stirring
times in Cu(II), Cd(II), and Pb(II). Experimental
conditions: Temperature = 27°C; Si-BP mass = 0.05
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Figure 4. Influence of pH solution on the extraction process of
Cu(II), Cd(II), and Pb(II). Experimental conditions:
Temperature = 27°C; Si-BP mass = 0.05 g; Stirring
time = 10 minutes
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Figure 5. Microphotographs of the yarn structure and elemen-
tary cellulose fibres (device: Hitachi S-3400N scanning
electron microscope). A, C, E — untreated jute; B,
D, F — jute treated with 1% KOH water solution
by 1h
the initial solution and of the supernatant after reaching
equilibrium, and m is the mass of modified silica, Si-BP,
used here. According to equation (1), the values of N;
obtained were 0.50, 0.45 and 0.43 mmol g' for Cu(Il),
Cd(I1) -and Pb(II); respectively.



When adsorption remains constant, a monolayer should
be formed, according to the modified Langmuir equa-
tion, and the metal maximum adsorption capacity can
be estimated by equation (2):

c, C, 1
=+
N, N, N )

where C; is the concentration of the solution in equili-
brium (mmol L), Ny is the concentration of metal ions
adsorbed on the Si-BP surface, and N, represents the
maximum amount of metal ions adsorbed per gram of
material (mmol g). The adsorption studies were based
on the linearized form of the adsorption isotherms illu-
strated in Figure 6.
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Figure 6. Linearized form of the adsorption isotherms for
Cu(II), Cd(II). and Pb(II)

The ratio at which the metal ions are bound to modi-

fied material can be estimated by equation (3)':
o ™ = N

N, (3)
where N, is the amount of functional groups per gram
of Si-BP. The values of N,, N; and N; are presented in
Table 1.

Table 1. N,, N; and N, values obtained from Cu(II), Cd(II),
and Pb(II) adsorption experiments

Metal ions N; (mmol g™) Ns (mmol g™) No
Cu(ll) 0.50 0.64 1.48
cd(ily 0.45 0.54 125
Pb(ll) 043 053 123

Table 1 indicates that the maximum adsorption capacity
of Si-BP was in good agreement with the experimental
values, N, Cu(Il), an intermediate acid according to
Pearson’s classification, showed higher adsorption values,
which can be attributed to its affinity towards interme-
diate base nitrogen atoms". Cd(II) and Pb(II) showed
lower adsorption values than Cu(II), which, albeit not
very significant, can be attributed to their lower affin-
ity for nitrogen atoms. Another import point shown in
Table 1 is that the type of metal-ligand complexes can
be estimated from N, values. Since they are between 1.0
and 1.5, it can be assumed that the complexes formed
are of the type metal-ligand = 1:1, according to Figure 7.

Through the comparison between the proposed material
Si-BP with other solid supports applied in the Cu(II),
Cd(II) and Pb(II) sorption, presented in, Table. 2, is
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Table 2. Comparison of Cu(II), Cd(IT) and Pb(II) Si-BP adsorp-
tion capacity with other related materials

Metal specie (mmol g')
Type
R cu(lly cd(lly Pb(ll) Ref.
Si-AMP 0.447 0.190 0.380 | [21,27]
Si-LH - 0.17 0.31 [28]
Si-D 0.442 0.135 - [29]
Si-BP
modified 0.64 0.54 0.53 *
silica

* Data presented by the developed silica
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Figure 7. Proposed scheme for metal complexation by 2,2-bi-
pyridine modified silica gel

possible to infer its advantages. Si-BP showed a high
adsorption capacity compared with several materials.

Preconcentration experiments

The results achieved with the continuous flow system
related to the natural river water preconcentration are
congruent with the preconcentration factor obtained with
metal standard solutions (10 ug L), 46, 37 and 36 fold
for Cu(1l), Pb(II) and Cd(II), respectively. These results
and those obtained to standard reference material are
summarized in Table 3.

According to Table 3 the preconcentration factor found
when mineralized natural river water was subjected to
the continuous flow system was the same determined
with standard metal solution. In order to validated the

Table 3. Preconcentration results of metal solutions, standard
reference material and natural river water

Standard metal

Standard metal solution solution after

(Mg |_‘1) preconcen$ration
(MgL™)
Cu(ll) 458.6 £ 12.0
Pb(Il) 10 3745+ 10.1
Cd(l1) 362.7 £6.2
Natural river water
Natural river water after
(g L’1) preconcen$ration
(Mg L?)
Cu(ll) 40.025* 1834.52 + 32.6
Pb(Il) 1.1539* 40.99* £ 2.7
Cd(ll) 0.3654* 12.94* £ 0.6

Standard reference
material after

Standard reference
material

(ug L’1) preccar}geLrﬁ;ation
Cu(ll) 22.7+0.3 1075.67 + 28.1
Pb(ll) 19.6+0.2 709.36 + 13.4
Cd(l 6.568 + 0.073 245,33+ 10.9

*Determined by Atomic-Absorption Spectrometry with Graphite Furnace



32 Pol. J. Chem. Tech., Vol. 13, No. 4, 2011

method, aliquots containing 50 mL, of certified reference
material were preconcentrated in the same conditions
applied to natural water and the results are also in agree-
ment with the preconcentration factor, demonstrating
that the system can be applied in the determination of
trace levels of Cu(Il), Pb(II) and Cd(II) in river water.

CONCLUSIONS

The proposed silica gel functionalization reaction was
confirmed by the characterization techniques employed.
In this case, the only possibility to anchor 2,2-bipyridine
ligand molecules onto the Si-CPTS surface is through
amine groups, which are good nucleophiles that react
with chlorine groups. The Si-BP showed a good extrac-
tion capacity of 0.64, 0.54 and 0.53 mmol g for Cu(II),
Cd(II) and Pb(II), respectively, and fast kinetics for the
metal ions of this study, which is an important character-
istic in preconcentration and column experiments. The
results of Cu(Il), Pb(II) and Cd(II) preconcentration
from natural river water showed that the system can
be easily applied in trace metals determination taking
into account the good preconcentration factor obtained,
46, 37 and 36 fold, respectively. Considering the clas-
sification of nitrogen atoms as an intermediate base, the
material can be applied easily for the extraction of other
metals with intermediate acid characteristics. This kind
of material has interesting application in environmental
area such as decontamination of natural water and in
the determination of trace metals.
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