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Abstract

The precursor 1,4-bis(3-aminopropyl)piperazine organofunctionalized silica gel reacted with methylacrylate to yield a new inorganic—organic
chelating material, by adopting a heterogeneous and divergent synthetic approach. The synthesized materials were characterized through elemental
analyses and spectroscopic techniques such as infrared, nuclear magnetic nuclei of carbon-13 and silicon-29. Due to the increment of basic centers
attached to the pendant chains the metal adsorption capability of the final chelating material, was found to be higher than its precursor. The
adsorption of metal ions from aqueous solution followed the order Cu?** >Ni** > Co?*. Both Langmuir and Freundlich models were found to be
applicable for the adsorption of copper, with the equilibrium parameter value within zero to one. The competitive sorption behavior, with variation
of pH, was favorable for the separation of copper from binary mixtures with nickel and cobalt. When sodium, potassium and magnesium cations
are present in the medium little effects on adsorption were observed, thus suggesting that the synthesized material can be useful for removal of

toxic/heavy metal ions from natural and wastewater systems.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Functional groups attached to chemically organofunctional-
ized silica have ability in changing the original surface properties
by giving valuable applications for such new materials [1,2].
A variety of organofunctional molecules anchored on various
solid supports, such as crysotile fibers [3], natural talc [4] syn-
thetic phyllosilicate [5], mesoporous silica [6], silicic acid [7]
and hydroxyapatite [8] are successfully employed in trace metal
separation and concentration methodologies. For such purpose,
silica gel is mostly used not only due to the facility of immobi-
lization process, but also to be relatively simple in comparison
to organic polymers [9], with faster metal ion-exchange kinet-
ics, good swelling resistance in different solvents, and chemical
stability [10].

The advances in silica gel organofunctionalization field are
closely associated with development of new silylating agents,
which pendant organic chains can display non-hydrolyzable
silicon—carbon bond, to prevent the leaching of the immobi-
lized reagent to solution [11]. However, as the pendant chains
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incorporate donor basic atoms, an improvement on adsorption
and exchange properties are normally increased [12,13]. For
this purpose, the enlargement in organic chains through succes-
sive reactions, by including functional groups give well-defined
conditions in determining ultimate properties [14], such as
applications in various technological processes [15], and strong
affinities for metals [16].

The present investigation reports the functionalization of sil-
ica gel with 1,4-bis(3-aminopropyl)piperazine and subsequent
reaction with methylacrylate in a heterogeneous route, to yield
a final product containing carboxylate moieties in the struc-
ture, with further potential to grow using a divergent synthetic
approach. The present methodology offers a new initiative for
silica having immobilized supramolecular chemistry and the
characterized materials were explored for divalent copper, nickel
and cobalt adsorption properties.

2. Experimental
2.1. Reagents

The reagents 3-chloropropyltrimethoxysilane (CPTS) and
1,4-bis(3-aminopropyl)piperazine (APP), Aldrich, were used as
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Scheme 1. Sequence of reactions for immobilization.

received. Methylacrylate (MA), Across, was washed with NaOH
(0.50 mol dm’3) and dried before use. Methanol, reagent grade,
was distilled before use. Other solvents such as xylene, reagent
grade, were used as received. The doubly distilled water (DDW)
was obtained from an ultra-pure Milli-Q 18.2 M2 system. The
methanol and ethanol were reagent grade. Solutions of M>* (Cu,
Ni, Co) were prepared from suitable reagent grade nitrate or
chloride salts in DDW. Buffers such as KCI/HCI, Na3;PO4/NaOH
were used to control the pH of the medium.

2.2. Synthesis of chemically modified silica support

A heterogeneous route was adopted to chemically modify
the surface silica with functional groups. A divergent synthetic
approach was made for the preparation of amine-terminated
wedge, and a subsequent carboxylate terminated wedge in the
structure, as shown in Scheme 1.

In the first step, a sample of 15 g of silica gel, Fluka, with
particle size 0.063—-0.200 mm and with a mean pore of 6.0 nm
was activated by refluxing with concentrated HCI for 4h to
remove any adsorbed metal ions, then filtered and repeatedly
washed with water until the filtrate was neutral and dried in an
oven at 370K for 8 h to remove adsorbed surface water. Fur-
ther, it was heated in a stream of dry nitrogen for 2 h and was
immediately used. The organochloro functional agent was then
immobilized by suspending a sample of 14 g of dry activated sil-
ica gelin 100 cm? of dry xylene, followed by addition of 4.5 cm?
of 3-chloropropyltrimethoxysilane to the suspension. The mix-
ture was allowed to react under continuous stirring and a dry
nitrogen atmosphere at 340 K for 72 h. The suspension was fil-
tered, washed with xylene, methanol and dried under vacuum
[17], to give a product called SiCl. In the subsequent step a
suspension of 12 g of SiCl in 50 cm? of xylene was allowed to
react with 15.0 cm? of 1,4-bis(3-aminopropyl)piperazine (APP)

at 340K under continuous stirring and a dry nitrogen atmo-
sphere for 24h. The product (SiAPP) was filtered, washed
with xylene and an excess of ethanol and then dried under
vacuum. In the subsequent step, a sample of 10 g of the pre-
ceding compound reacted with 10.0cm> of methylacrylate
(MA) in 60cm? of methanol at a controlled temperature of
318-323 K and under a nitrogen atmosphere for 48 h to yield
the final product, named SiAPPMA [18]. The white powder
was washed with an excess of methanol, dried, and then treated
with 50 cm? of dilute hydrochloric acid 0.050 mol dm™3 for 2h,
and then again washed with methanol and further dried under
vacuum.

2.3. Concentration of metal ions

The batch method was used to concentrate M2+ (Cu, Ni and
Co) from aqueous solutions in order to obtain the adsorption
isotherm [19,20]. For this procedure, samples of about 50 mg of
each organofunctionalized silica were suspended in 20.0 cm3
of aqueous solutions of each cation with varying concentra-
tions ranging from 0.010 to 1.0 mol dm~3. The samples were
mechanically shaken at 298 & 1 K for 24 h, after which the solid
was separated by centrifugation. The supernatant was analyzed
using ICPOES. The amount of metallic cations adsorption was
calculated using the expression: Nf=(N; — Ng)/m, where N is
the number of moles adsorbed on the pendant groups of the mate-
rial, N; and Ng are the number of moles in the initial solution
and in the supernatant after equilibrium, and m is the mass of the
solid adsorbent used in the adsorption process. The distribution
coefficient (Kq, cm? g~ 1) and the selectivity coefficient (o) were
calculated according to the following equations:

Ci(mmol g~ 1)

Kg= T8 )
d C>(mmol cm—3)

ey
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where C;| and C; denote the metal concentration in the solid and
solution phases, respectively.

_ Ka
Ko

where 1 and 2 denote the metal ions 1 and 2, respectively.

@

o

2.4. Instrumentation

Elemental analysis was done on a PerkinElmer, model 2400,
elemental analyzer. The infrared spectra of the samples in KBr
pellets were performed by diffuse reflectance by accumulating
35 scan on a Bomem Spectrophotometer, MB-series, in the range
of 4000-400 cm ™!, with4 cm™! of resolution. Nuclear magnetic
resonance spectra of the samples were obtained on a Brucker AC
300/P spectrometer at room temperature. For each run, approx-
imately one gram of each solid sample was compacted into a
7 mm zirconium oxide rotor. The measurements were obtained
at frequencies of 59.63 and 75.47 MHz, for silicon and carbon
atoms, respectively, with a magic angle spinning of 4 kHz. In
order to increase the signal to noise ratio of the solid-state spec-
tra, the CP/MAS technique was used. 298i and 13C CP/MAS
spectra were obtained with pulse repetitions of 3 s for both nuclei
and contact times of 1 and 3 ms, respectively. The amount of
cations adsorbed per gram of the support was determined by
the difference between the initial concentration in aqueous solu-
tion and that found in the supernatant, by using an ICPOES
PerkinElmer 3000 DV apparatus. For each experimental point,
the reproducibility was checked by at least one duplicate run.
The pH of the solution was measured using a pH/Ion Analyzer,
model 450 M.

3. Results and discussion
3.1. Characterization

Considering three main stages as given for the reaction in
Scheme 1 for the organofunctionalization of the surface, the
final compound contains carboxylate moieties in the end of syn-
thesized pendant chain bonded to the inorganic silica structure.
The piperazine type compound anchored was chosen not only
due to the incorporation of basic nitrogen atoms in the pendant
structure, but also because the ring conformational structure,
whose flexibility facilitates metal coordination. In principle,
these basic centers can be useful to explore their potentiality
to extract cations from an effluent solution. The percentage
of carbon, hydrogen and nitrogen for SiAPP and SiAPPMA
were found to be 19.9, 4.3, 8.3 and 20.5, 4.9, 7.7, respectively.
Based on the nitrogen content, the pendant chains in the final
compound, SiIAPPMA, were calculated as 1.48 mmol g_1 of
nitrogen atoms, which showed the incorporation of nitrogen
donor atoms in the pendant chains of the synthesized materi-
als.

The infrared spectra of the synthesized products are com-
pared with pure silica gel in Fig. 1. The main features of the
silica spectrum are: (a) the bands associated with the inorganic
backbone such as the broad band between 3400 and 3200 cm™!,
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Fig. 1. FTIR spectra of silica gel (1), SiCl (2), SiAPP (3) and SiAPPMA (4).

which is attributed to the presence of the O—H stretching fre-
quency of the surface silanol group and also to adsorbed water
molecules, (b) the appearance of a peak related to the siloxane
stretching frequency, v(Si—O—Si), observed at 1100 cm™ L, (c)
the band at 900 cm ™! assigned to Si—OH bending frequency and
(d) the vibration at 1650 cm~! attributed to the angular vibra-
tion of the water molecule. All the chemically modified silica
gel materials, presented the same set of bands related to the inor-
ganic backbone, however, an additional band at 2950 cm™ 1, s
assigned to the C—H stretching of the tetrahedral carbon, thus
confirming the anchoring of the organic molecules onto the silica
surface [21]. The spectrum of SIAPPMA indicated the incorpo-
ration of the methacrylate group by the appearance of carbonyl
group vibration at 1720cm™!, in addition to the other charac-
teristic features associated with the main pendant carbon chain.
Some of the group vibrations were of lesser intensity, which
could be due to the crowding of the molecules or groups of
atoms on the surface.

Nuclear magnetic resonance in solid-state is a technique to
give valuable information about the bonding of the pendant
chains anchored on an inorganic backbone. For this purpose
carbon and silicon nuclei were examined in order to better char-
acterize the synthetic compounds. For silicon, the spectra shown
in Fig. 2 provide information about the polysiloxane framework
such as various local environments of the atoms involved and
the attachment of pendant groups, and in the present case the
assignments were based on a previously studied analogous sys-
tem [22]. The organochloro-modified sample, SiCl, showed for
the silicon nucleus four main peaks located at —58, —67, —99
and —110 ppm. The first peak at —58 ppm was assigned to sil-
icon atom of the silylating agent bonded to one OH group and
forming two siloxane bonds with silicon atom of silica struc-
ture, RSi(OSi)(OH),, assigned as a T2 signal. The peak at —67
is attributed silicon atom in the RSi(OSi)3 structure, with the
signal named T*. The result indicated the covalent-attachment
of organic groups on the silica surface. The other two peaks,
attributed to surface signals, are described as: (i) Si(OSi)4, Q4 at
—110 ppm and (ii) surface signal, Si(OSi);O0H, Q> at —99 ppm.
A little shifting of the signals and broadening of the peaks were
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Fig. 2. 2Si NMR of SiCl (1) and SIAPPMA (2).

noticed in case of SIAPPMA, however, the main features of all
spectra are remained [23,24].

The spectra related to '>CNMR in the solid-state are shown in
Fig. 3. These data correlate the important information regarding
the immobilization of pendant chains on the inorganic back-
bone of the silica structure. For SiCl the peaks at 10.2, 27.6 and
47.0 ppm were assigned to Cy, C; and C3 atoms of the aliphatic
propyl chain of the immobilized organochloro compound. The
peak at 57.2 ppm denotes the carbon atoms from either unre-
acted alkoxy groups or surface anchored alkoxy groups [25].
The same set of peaks is also expected in the SIAPPMA spectra,
representing the presence of the spacer aliphatic carbon atoms,
however, with some shifting in signal positions and broader
shapes attributed to the overlapping of group vibration frequen-
cies upon the modification process [26]. The peak centered at
50 ppm, for SIAPPMA, is assigned to the methylene group vibra-
tions in the compound. In addition, a weak peak is observed at
169 ppm in the insert part of Fig. 3, which is assigned to carbonyl
carbon and confirms the presence of this group in the pendant
chains. All these appearances in the spectrum are consistent with
a more rigid micro-environment created upon the modification
processes. Thus, correlating the data obtained from FTIR, 2°Si

T T T T T
0 60 120
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Fig. 3. 13C NMR spectra of SiCl (1) and SiAPPMA (2).
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Fig. 4. Adsorption of cations onto: (a) SIAPPMA: for Cu”* (H); Ni** (@); Co**
(A) and (b) SiAPP for Cu®* (¥); NiZ* (»); Co** («).

and '3C NMR techniques, it could be concluded that the organic
group was covalently attached to the silica structure.

3.2. Analytical studies

The effect of metal ion concentration on the uptake behavior
of the chelating materials was studied in the concentration range
0.010-1.0mol dm™3. A comparison of the adsorption behavior
was made between the final chelating material SIAPPMA and
its precursor SiAPP, which also contains sites for metal coor-
dination. The profile of adsorption of metal ions is presented
in Fig. 4. A leveling effect was noticed at the higher concentra-
tions for both the materials because of saturation of the available
coordination sites [27]. Metal sorption was found to follow the
order Cu?* >Ni** >Co?*, which agrees well with the Irving-
Williams series and the stability constants of the metal ions
[28]. The SIAPPMA material showed a higher adsorption capac-
ity for all the metal ions in comparison to its precursor SiAPP.
This is attributed to the availability of more sites for coordina-
tion purposes. In contrast to the pure silica precursor, mixing
the modified silicas with cation solutions gave a characteristic
blue color to the solid for copper, and a light-pink color with
the cobalt solution, which visually evidenced the complexation.
These results suggest that the increase in coordination sites on
the structure favored the metal coordination process. However,
the metal chelating nature of the material also depends upon
some other factors like the nature of the ligands present in the
matrix, their mode of cation binding (stereochemistry), as well
as their accessibility towards the metal ions in solution under
various competitive and non-competitive conditions [29]. In a
separate control the same procedure was applied with the origi-
nal activated silica and no significance adsorption was observed.

The sorption isotherm for the Cu®* was evaluated using the
modified Langmuir equation [30]:

G_G 1

= 3
Nt Ny Ng-b )
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Fig. 5. Langmuir adsorption isotherm for SIAPPMA: metal ion Cu* with time
of contact of 24 h at temperature of 298 £+ 1 K.

where C; is the equilibrium concentration of adsorbate in solu-
tion (moldm™3), Ny is the amount of cations adsorbed on the
adsorbent matrix per gram (mol g~ 1), N is the maximum quan-
tity of cations per gram necessary to form a monolayer on the
modified surface (mol g~ 1), and b is a proportionality factor that
includes the equilibrium constant for the reaction. Ny and b val-
ues can be estimated from coefficients after linearization of the
isotherm [5,31]. The linear plot of Cs/Nr versus Cs shows that
the adsorption obeys the Langmuir adsorption model as shown
in Fig. 5, from which, the values of Ny and b were determined
for this adsorption. For SIAPPMA and SiAPP, the values were
1.63,0.28 and 0.62, 0.52 mmol !, respectively. The equilibrium
parameter is defined as Ry, = 1/(1 +bN;), where b is the Lang-
muir constant and Nj; is the initial concentration of metal ion.
For SiAPPMA the values of Ry, at two different concentrations,
1.0 and 10.0 mmol dm~3, were 0.78 and 0.26, and for SiAPP the
values were found to be 0.66 and 0.16, respectively. These val-
ues obtained at two different concentrations, lie between zero
and one, which indicates a favorable adsorption of Cu®* onto
both chelating materials.

To test the applicability of the Freundlich adsorption isotherm
(Eq. (4)), it was computed for the sorption of Cu?* onto the
chelating materials, as expressed by:

log = = logkad + % log Cs, 4

where k,q is the adsorption coefficient, C; is the equilibrium con-
centration, x is the amount of metal ion sorbed by the chelating
material and » is a constant. A plot of log (x/m) versus log Cs for
adsorption of Cu?* onto SIAPPMA shows a linear behavior and
the constants k,q and n were found to be 5.43 and 1.58, respec-
tively. For SiAPP, the values of kg and n were 6.14 and 1.962,
respectively. In all cases, the obtained values, 1 <n < 10, indicate
the favorable sorption of Cu?* onto the chelating materials.
Changes in pH of the medium are one of the most impor-
tant factors affecting the concentration and metal recovery
procedure, which is related to the formation of soluble metal
complexes and subsequently their stabilities in aqueous solution
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Fig. 6. Effect of adsorption pH for SIAPPMA: Cu’*(H); Ni** (@); Co>* ()
and for SIAPP: Cu* (¥); Ni%* (»); Co?* («0).

[32]. The metal ions were examined within a range of pH 5.0-8.0
as shown in Fig. 6. In acidic pH, the materials showed com-
paratively low metal ion uptake due to protonation of ligating
sites that inhibit their binding to metal ions [33]. However, with
the increase in pH of the medium, the metal sorption increased
due to the availability of the basic centers and hence the coor-
dination ability of the chelating material [34]. The order of
metal sorption for both the chelating materials was found to be
Cu®* > Ni%* > Co?*. Investigation beyond pH 8.0 was discour-
aged due to the precipitation of some hydroxide species as well
as the possibility of breaking of silica structure at higher pH.

3.3. Competitive sorption behavior

The competitive sorption behavior of the chelating material
SiAPPMA was examined at different pH, by considering a mix-
ture of M2+ (Cu, Ni, Co) to evaluate the preferential binding
ability towards metal ions. It is known that the competitive sorp-
tion or separation of a given metal ion in the presence of other
metal ions is controlled mainly by factors such as the nature
of the donating sites, the nature of the metal ion and the pH
[35]. However, other factors such as temperature and time of
equilibration also play vital roles in a given separation process.

The distribution coefficient (Kg) can be taken as a repre-
sentative value for the selective measurements, if all the tested
metal ions and not only the individual ions compete with each
other, in binding to the selective functional groups of the metal
chelate-forming sorbent. From the plot of log K4 versus pH of
the medium, as shown in Fig. 7, it could be seen that at low pH,
the distribution coefficients were found to be low, which could
be attributed to the protonation of the coordinating sites as well
as incomplete ionization of the groups. In the present case, the
log Kq value for Cu?* was comparatively higher than that of
Ni?* and Co®* even at lower pH. The selectivity coefficient c,
often used as a measure of chromatographic separation processes
determined as o = K41/K4», where K41 and Ky, are the distribu-
tion coefficients of two metal ions. The factor « was computed
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Fig. 7. Plot of pH versus log K4 for adsorption of Cu** (M), Ni>* (@) and Co**
(A) onto chelating SIAPPMA material.

in the case of adsorption onto SIAPPMA only, for the separa-
tion of Cu?* from binary mixtures at pH 5.0-8.0. The results for
the binary mixture Cu>*/Ni** at pH 5.0, 6.0, 7.0 and 8.0, gave
the values 2.43, 1.48, 1.52 and 1.16, respectively. Identically, for
the Cu?*/Co?* combination, the values were 3.17, 2.75,3.20 and
3.25, respectively. Analysis of these results indicated that it could
be possible to separate Cu>* from the binary mixtures Cu*/Ni**
and Cu?*/Co** at appropriate pH of the medium. However, in
the present case, the preferential extraction of Cu”* was more
favorable in the Cu?*/Co?* mixture than for Cu®*/Ni2*.

Further it may be noted that the higher affinity towards Cu?*
ions in a competitive environment may also be attributed to the
preferential binding of the positionally active and non-sterically
hindered donor atoms present in the final structure. This ini-
tial study highlights the positive aspect of carrying out detailed
investigations with different metal ions for its future application
in selective removal of metal ions by optimizing the parameters
involved.

3.4. Effect of diverse foreign ions

Diverse foreign ions such as alkali and alkaline earth metal
ions were examined for the concentration procedure using both
chelating materials, SIAPPMA and SiAPP. These ions in matrix
constituents are known to influence concentration procedure of
heavy metal ions. In this case, the effect of matrix constituents
was examined in the presence of salts of sodium, potassium
and magnesium, which are common ionic species in natural
waters. A high concentration of these diverse ions was chosen
to magnify their interference effect. The results indicated that
these matrix ions had little effect on the adsorption process, as
indicated in Table 1. These data suggested the possibility to uti-
lize such material for heavy metal ion removal from natural as
well as sea water systems. These preliminary results were found
to be encouraging, and some more studies regarding the effect
of various common organic pollutants present in water bodies
upon the metal uptake process by this new chelating material in
progress.

Table 1

The chelating ability of samples of about 50 mg of SiAPP and SiIAPPMA adsor-
bents (AD) in 10.0 mg dm—3 of M2+ (Cu, Ni, Co), after 24 h of contact, to give
the percentage of recovery (PR) and the recovery percentage (RP) in the presence
of 20mg dm~3 of each cation

AD M2+ PR (%) RP (%)

SiAPP Cu 98.9 96.3
Ni 97.6 95.1
Co 98.1 95.8

SiAPPMA Cu 99.2 97.8
Ni 98.5 96.3
Co 97.3 95.0

Each value is an average of three independent determinations.

Table 2

Analysis of tap water samples using the chelating adsorbent SIAPPMA for M?*
(Cu, Ni), by considering cation added (CA) and found (CF) and the percentage
recovery (PR)

M2+ CA (mgdm~3) CF (mgdm™3) PR (%)
Cu?* 0 0.32 -
1.0 1.25 94.6
2.0 221 95.2
NiZ* 0 0.21 -
1.0 1.10 90.9
2.0 2.11 954

3.5. Concentration of heavy metal ions from natural tap
water samples

Tap water samples, spiked separately with Cu>* and Ni**,
1.0-2.0mgdm~3, were prepared. Then 50 mg of the chelating
material SIAPPMA was added. The mixture was kept under
shaking for 24 h and centrifuged. The supernatant was analyzed
by ICPOES and the results are listed in Table 2. This operation
is in agreement with the recoveries of metal ions in all cases,
with advantage to exceed 90%.

4. Conclusions

Chemical modification of silica gel was attempted using
1,4-bis(3-aminopropyl)piperazine and methylacrylate by a het-
erogeneous route to yield the chelating material SIAPPMA,
which showed higher adsorption ability towards Cu®* than for
Ni?* and Co?* in both competitive and non-competitive condi-
tions, in comparison to its precursor. The adsorption of Cu**
onto the chelating material was found to obey both Langmuir
and Freundlich adsorption models. The equilibrium parameter
value was between zero and one. Evaluation of the distribution
coefficient showed the effective Cu>* removal from binary mix-
tures at appropriate pH of the medium. The effect of diverse
ions like alkali and alkaline earth metal ions were found to be
negligible on the chelating ability presented by the basic cen-
ters attached to the pendant chain ate the solid/liquid interface.
The obtained data suggested the possible industrial utilization of
such material in concentration and heavy element removal from
natural as well as wastewater systems. The structural features
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of the new synthesized material with long designed chain sug-
gested that it could suitably be modified further by several other
synthetic approaches, to yield higher stage pendant chains, for
a wide variety of chemical applications.
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