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ABSTRACT

Poly-GPTS was prepared by polymerization of 3-glycidyloxypropyltrimethoxysilane (GPTS)
with potassium tert-butoxide (KOtBu) at 50˚C. After this stage, adsorbents poly-GPTS and
poly-GPTS/Ti(O)/OH were prepared from hydrolysis of poly-GPTS and mixtures between
poly-GPTS and titanium isopropoxide in 1:1mol ratio. The hydrolysis was carried out in
50ml of isopropanol with 0.1M HCl. The characterizations of the adsorbents were performed
by elemental analysis, thermogravimetric, and spectroscopic methods. After hydrolysis, it
was seen that isopropoxide and methoxide groups were removed from the adsorbents under
the studied conditions because of the condensation reactions. Pb2+, Cu2+, and Cd2+ ions were
removed from the aqueous solution using these hybrid polymers as adsorbents. Influence
factors such as the initial pH, adsorption time, the amounts of adsorbent, and solution con-
centrations on Pb2+, Cu2+, and Cd2+ adsorptions were investigated. The study showed that
they were very good adsorbents for removing metal ions.
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1. Introduction

Nowadays, heavy metal adsorption processes are a
very attractive subject because the heavy metal pollu-
tion is the most important environmental problem in
the world. The problem has been increased with the
rapid development of industries, especially in devel-
oping countries [1]. Many heavy metals such as lead,
copper, and cadmium are known to be toxic and car-
cinogenic for living organisms [2]. There are many
applications used for the removal of heavy metals
from wastewater like chemical precipitation, adsorp-
tion, ion-exchange, solid phase extraction, etc. Among
these methods, adsorption process is the most used

one because of its easy, cheap, and effective applica-
tions [3–5]. For adsorption process many natural or
synthesized adsorbents such as activated carbon, mod-
ified clays, polymeric resins, zeolites, etc. have been
used [6–13] and scientists are still investigating new,
low-cost, and easily available adsorbents for removal
of heavy metal ions from wastewater. In the recent
years, researchers have examined the inorganic–
organic hybrid materials as adsorbents. Especially
metal alkoxide compounds were used as in the syn-
thesis of adsorbents. Addition of water to metal alkox-
ide complexes leads to hydrolysis of alkoxy groups
and condensation reactions resulting in inorganic net-
works without organic groups or with the small
amount of organic groups [14–16]. In this connection,
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it is important to add an organic ligand such as
3-glycidyloxypropyltrimethoxysilane (GPTS) for the
formation of organic–inorganic network structures.

One of the most important compounds was the
GPTS which was used in functional coatings, optical
device, preparations of glasses, ceramics, and adsor-
bents. This paper includes the use of poly-GPTS
instead of GPTS in the preparation of adsorbents. It
also deals with the preparation, characterization, and
the usage of new adsorbents with functional groups
that provide specific activity to adsorb the heavy met-
als from aqueous solution.

2. Materials and methods

2.1. Chemicals

The standard Pb2+, Cd2+, and Cu2+ ion solutions
were prepared from their nitrate salts (Merck). For pH
adjustment 0.1M HCl and NaOH solutions were used.
Titanium (IV) isopropoxide (98%, Merck), GPTS (97%,
Alfa Aesar), and isopropanol (99.5%, Merck) were
used as received. All the chemicals were in analytical
grade.

2.2. Instrumentation

1H NMR measurement was carried out with a
Bruker 300MHz Ultra shield TM spectrometer. Infra-
red spectra of complexes were recorded on a Shima-
dzu 8201/86601 PC spectrometer (FTIR). The
elemental analyses were carried out with a LECO
CHNS-932 elemental analyzer. Thermogravimetric
measurement was carried out in a Protherm furnace
with a heating and cooling rate of 10˚C/min under
air. A Perkin-Elmer model Flame AAnalyst 800
Atomic Absorption Spectrometer (AAS) was used for
Pb2+, Cu2+, and Cd2+ ions quantity analysis. The pH
measurements were performed by Hanna pH 211
model pH-meter and several model magnetic stirrers
were used for adsorption process.

2.3. Adsorption process

Stock metal ion solutions (1,000mg/l) of Pb2+,
Cu2+, and Cd2+ were prepared in deionized water and
diluted to desired concentration. Basic and easy batch
methods were performed for metal ion adsorption.
Two different adsorbents were used to find the maxi-
mum adsorption capacities of Pb2+, Cu2+, and Cd2+

ions. Adsorption capacity depends on various param-
eters. Batch conditions; a known amount of adsorbent
was stirred with 25,00ml of the different metal ion

concentrations of Pb2+, Cu2+, and Cd2+ in 50,00ml
flask at room temperature. After equilibrium time, the
adsorbent was filtered with filter paper. Then the fil-
trate was analyzed by AAS to obtain metal ion con-
centrations. Controlled experiments were performed
and no adsorption was observed on filter paper and
glassware. The effect of contact time on adsorption
was examined in the range of 5–40min. The initial pH
of the metal ion Pb2+, Cu2+, and Cd2+ solutions were
studied between 3.0–6.0, 4.0–8.0, and 4.0–8.0, respec-
tively. To find the maximum metal adsorption capac-
ity, the effect of initial metal ion concentration for
each metal ion and their concentration ranges for Pb2+

(5.0–30mg/l), Cu2+ (1.0–9.0mg/l), and Cd2+ (0.5–
4.0mg/l) were also investigated. For each adsorbent
various amount ranging from 1.0 to 10mg were stud-
ied to examine the effect of the adsorbent amount on
the metal ion adsorption capacity.

Maximum adsorption capacity was calculated by
using the following Eq. (1).

q ðmg=gÞ ¼ ðCi � CeÞ � V

W
ð1Þ

where q is adsorption capacity, Ci and Ce are the ini-
tial and equilibrium concentrations of adsorbed metal
ions (mg/l), V is the volume of the metal ion solution
(l), and W is the amount of adsorbent (g).

2.4. Polymerization of GPTS with t-BuOK

Poly-GPTS was prepared and characterized as in
literature [17,18]. The catalyst (40mg, t-BuOK) was
taken in a vial and 2.5ml of GPTS was added under
nitrogen. The mixture was stirred at 50˚C for 48 h. The
conversion of monomer (GPTS) to polymers was
100%. 1H-NMR, CDCl3, ppm, d: 4.28 (CH, broad(br)),
3.74–3.2 (CH, CH3O, CH2, 2CH2O, br), 1.75 (CH2,
CH2CH2CH2, br), 0.72–0.70 (CH2–Si, br).

2.5. Hydrolysis of poly-GPTS

The poly-GPTS was dissolved in 50ml of isopro-
panol and stirred for a few minutes and then hydro-
lyzed by 0.1M HCl. 3.0mol of water per mole of
GPTS [C6H11O2-Si(OCH3)3] were added dropwise to
the solution and stirred for 24 h at room tempera-
ture. After 24 h of stirring, the volatile parts of mix-
ture were removed under reduced pressure at 50˚C
and beige solid was obtained. FTIR (KBr pellet):
3,448 (OH), 2,941 (C–H, masym), 2,883 (C–H, msym),
1,460 (CH2), 1,204 (Si–CH2) 1,111 (Si–O–Si), 910, 779,
685 cm�1. 1H NMR spectrum shows that propyl
group remains bonded to silicon after hydrolysis.
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2.6. Hydrolysis of [poly-GPTS/Ti(OiPr)4]

The compounds poly-GPTS and titanium isoprop-
oxide were mixed in 1:1mol ratio in 50ml of isopro-
panol and stirred for a few minutes. Then the mixture
was hydrolyzed by 0.1M HCl. 4.0mol of water per
mole of Ti(OiPr)4 and 3.0mol of water per mole of
GPTS were added dropwise to the solution and stir-
red for 24 h at room temperature. After 24 h stirring,
the volatile parts of mixture were removed under
reduced pressure at 50˚C and a beige solid was
obtained. Elemental analysis, Found: C, 30.41; H,
5.62%. The TGA of the hydrolyzed product showed a
weight loss of 37% up to 800˚C. FTIR (KBr pellet):
3,438 (OH), 2,931 (CH asym), 2,872 (CH sym), 1,202
(Si–CH2) 1,113 (Si–O–Si), 1,050 (Si–O–Ti) cm�1.

3. Results and discussion

The poly-GPTS was prepared from GPTS mono-
mers and tBuOK as in literature [17]. It was character-
ized by 1H-NMR and FTIR spectroscopy before use.
Poly-GPTS was hydrolyzed by 0.1M HCl (3.0mol of
water per mole of GPTS). It is summarized as in
Fig. 1.

The adsorbent poly-GPTS/Ti(O)OH was prepared
as explained in experimental section.

FTIR studies support the condensation reactions
between poly-GPTS and metal alkoxides compounds
in the presence of HCl(aq). The poly-GPTS shows
characteristic bands at 1,089 cm�1 for Si–OCH3 bonds.
When poly-GPTS undergoes condensation with metal
alkoxides, the peak at 1,089 cm�1 disappears in the
FTIR spectrum. This disappearance supports the fact
that the Si–OCH3 undergoes a condensation reaction.
After condensation reaction, new peaks appeared at
1,113 cm�1 for Si–O–Si and �1,050 cm�1 for Si–O–Ti
bonds, respectively. The presence of the OH groups
bounded to silicon and titanium atoms appeared at
3,438 cm�1 in the FTIR spectrum. The peak at
�1,202 cm�1 in the FTIR spectrum can be attributed to
CH2–Si bond (Fig. 2). Elemental analysis measurement
also supports the presence of organic groups
(CH2CH2CH2Si) with �36% of C and H.

The synthesis of Si–Ti adsorbent can be summa-
rized as in Fig. 3. The absorbance of the metal ions
was followed by the FT-IR spectroscopy in addition to
AAS. When Cu2+ ion was adsorbed by Si–Ti adsor-
bent, it gave a peak at 419 cm�1 in the FTIR spectrum.

These two adsorbents were used to remove metal
(2+) ions from aqueous solution. To investigate the
maximum adsorption capacity, optimization studies of
several factors were performed. The amounts of
adsorption capacities of these experiments were

calculated from Eq. (1). The adsorption capacity of Si–
Ti adsorbent was better than Si adsorbent. This is very
reasonable because of each Ti atom containing four
oxygen atoms which adsorb the metal ions. And
capacity results obtained from optimization were high
for Pb2+ compared to Cd2+ and Cu2+ ions on each
new hybrid adsorbent. This can be attributed to the
large size of lead ion. The maximum adsorption
capacities given in Table 1 which represent optimum
condition results.

3.1. Effects of contact time

The results of the contact time were shown below
in Fig. 4. All these experiments were carried out sepa-
rately for each metal ion solution and for each adsor-
bent. For these experiments, 2.5mg adsorbents were
taken from each adsorbent. The initial metal ion con-
centrations were 20, 5, and 2mg/l for Pb2+, Cu2+, and
Cd2+, respectively. Equilibrium adsorption time was
determined within 10min for metal ions on the adsor-
bents. After 10min, the adsorption capacities got pla-
teau values. After the contact time optimization, the
other experiments were performed within 10min.

Fig. 1. Silicon containing adsorbent prepared from
poly-GPTS.
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3.2. Effect of initial pH

The pH is the important parameter in the adsorp-
tion process. Fig. 5 shows the effect of initial pH of
the metal ion solutions of Pb2+, Cu2+, and Cd2+ on
adsorption capacity of hybrid compounds. In this
work, after pH optimization, as seen from optimiza-
tion Fig. 5, the adsorption capacities of metal ions
were not changed dramatically between pH 5–6.
Therefore, all the experiments were carried out at pH
�5.5. The pH from initial time to equilibrium time
(10min) did not change. In other words, there were
no changes at the pHs during adsorption process. The
other experiment parameters; stirring time was
10min, metal ions solution volumes were 25ml, and
amounts of adsorbents were 2.5mg (or 100mg/l). The
initial metal ion solutions pHs were at the pH ranges
given in the adsorption process. So there was no need
to add NaOH or HCl solution to the adsorption media
to arrange the pH values. Also, as can be seen in the
figures the adsorption capacities were high at pH
�5.5. Especially for Pb2+ ion after pH 6.0, there was
apparent precipitation in the metal ion solution. It is
known that metal hydroxides form at high pH values
[9].

3.3. Effect of initial metal ion concentrations

The maximum adsorption capacity was
investigated for each metal with different initial
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Fig. 2. FTIR spectra of adsorbent poly-GPTS/Ti(O)OH and non-hydrolized compound (poly-GPTS/Ti(OiPr)4).

Fig. 3. Silicon and titanium containing adsorbent prepared
from poly-GPTS and Ti(OiPr)4.
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concentration while keeping the time at 10min and
pH �5.5. When the initial concentration is high, a big
concentration difference occurs between bulk solution
and adsorption sites. Therefore, the adsorption capac-

ity increases fast [6,9–11]. After the optimum concen-
tration point, the adsorption capacity slightly
decreased. It may be saturation of adsorption sites.
The maximum amount of adsorption in Fig. 6(a) and

Table 1
Results of the metal ions adsorption on novel inorganic–organic hybrid compounds

Metal ion Initial conc. Poly-GPTS Poly-GPTS-Ti Poly-GPTS Poly-GPTS-Ti

mg/l q (mg/g) q (mg/g) % Removal % Removal

Pb2+ 20.0 165.2 199.0 84.40 99.38

Cu2+ 5.0 41.28 42.79 82.56 85.58

Cd2+ 2.0 32.48 39.41 80.75 98.53
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Fig. 4. Effect of contact time on the adsorption of Pb2+, Cu2+, and Cd2+ ions on (a) poly-GPTS-Ti and (b) poly-GPTS.
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Fig. 5. Effect of initial pH on the adsorption of metal ions on (a) poly-GPTS-Ti and (b) poly-GPTS.

7212 S.K. Bozbas et al. / Desalination and Water Treatment 51 (2013) 7208–7215



(b) is consistent with percentage removal of metal ions
(as seen in Table 1).

3.4. Effects of the amount of adsorbents

The effects of the amount of adsorbent on the
metal adsorption are shown in Fig. 7(a) and (b). When
the adsorbent amount is increased, the number of
adsorption sites increases. It is obvious that the high
adsorption capacity decreases with increasing in the
amount of the adsorbent as seen in the Fig. 7(a) and
(b). The adsorption capacity was calculated from Eq.
(1). Low amount of adsorbents provided high adsorp-
tion capacity. In literature, there are many adsorbents
which give similar results while metal ions are

adsorbed [11,12,19,20]. It can be noticed that satura-
tion of the adsorption sites and agglomeration could
be the reason of the decrease in the adsorption
capacity. However, the removal percentage of metal
ions increases with increasing the adsorbent amount
to an optimum value. In these experiments, the opti-
mum amount of the adsorbent was taken 100mg/l for
each metal ion. In spite of the small amount of adsor-
bents, they have a lot of adsorption sites for metal
ions Pb2+ >Cu2+ >Cd2+.

As this study shows, the results have great impor-
tance for removing metal ions using a very small
amount of adsorbent. As seen from the Table 1, both
adsorbents have a high maximum adsorption capacity
(199mg/g) and percentage removal (99.38%) for Pb2+
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Fig. 6. Effect of initial metal ion concentrations on the adsorptions of metal ions on (a) poly-GPTS-Ti and (b) poly-GPTS.
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ion than the other two metal ions. As a result of the
large number of highly electronegative oxygen atoms,
the maximum capacity and percentage removal of
adsorbed metal ions were higher in poly-GPTS-Ti than
poly-GPTS. In other words, the Si–Ti adsorbent con-
tains many oxygen atoms which can provide adsorp-
tion sites to bind metal ions. Therefore, the Si–Ti
adsorbent was better than Si adsorbent to remove
metal (2+) ions from individual metal solutions. These
adsorption capacity values were also better than the
literature values. The adsorption capacity of natural
calcite and limestone for Pb2+ ion was only 19.92 and
0.0167mg/g, respectively [21].

3.5. Adsorption isotherms

An adsorption isotherm can be used to character-
ize the interaction of metal ions (Pb2+, Cu2+, and Cd2+)
with adsorbents. The isotherm provides a relationship
between the concentration of metal ions in solution
and the amount of metal ions adsorbed on the solid
phase when both phases are in equilibrium. The
adsorption isotherms were analyzed by the two most
commonly used Langmuir and Freundlich equations.
The adsorption isotherm models of Langmuir and Fre-
undlich can be expressed as linear form of Eqs. (2)
and (3), respectively [22].

Ce
qe

¼ Ce
Qo

þ 1

QobL
ð2Þ

ln qe ¼ lnKF þ 1

nF
ln Ce ð3Þ

where Ce (mg l�1) and qe (mgg�1) are the concentra-
tion and adsorption capacity at the equilibrium,
respectively. Qo (mgg�1) and bL (lmg�1) are adsorp-
tion capacity and binding enrgy of adsorption of
Langmuir, respectively. KF and nF are Freundlich con-
stants measuring the adsorption capacity and the

adsorption intensity, respectively. The parameters cal-
culated from the two models are presented in Table 2.
The correlation coefficients (R2) of Langmuir isotherm
model were close to 1.0, which indicated that the
adsorption process of the metal ions was described by
the Langmuir isotherm model fit to adsorption. As
seen from Tables 1 and 2, the maximum sorption
capacity values obtained from isotherm models were
consistent with the values calculated from Eq. (1).

4. Conclusions

In this study, novel inorganic–organic hybrid poly-
mers for the adsorption of metal ions were synthe-
sized by sol–gel process. These new adsorbents were
used to remove metal (2+) ions from single metal
solutions. It was concluded that these inorganic–
organic hybrid polymers were promising as adsor-
bents and applied to remove and recover Pb2+,
Cu2+, and Cd2+ ions from aqueous solution.

The maximum adsorption capacity of Si–Ti
adsorbent was better than Si adsorbent for Pb2+, Cu2+,
and Cd2+ ions. The maximum adsorption of Pb2+,
Cu2+, and Cd2+ onto Si–Ti adsorbent was 199.0mg/g
(% removal 99.38), 42.79mg/g (% removal 85.58),
39.41 mg/g(% removal 98.53), respectively.

The results given in Table 2 show that the adsorp-
tion of metal (2+) ions follows Langmuir isotherm
model.
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