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ABSTRACT

In this study, two Schiff base ligands were synthesized and characterized by Elemental
analysis, infrared, spectroscopy and nuclear magnetic resonance, respectively. The silica gel
surface was, respectively immobilized with Schiff base derivatives, 4-(4-(4-[1-methyl-3-oxob-
utidenamino]fenil] fenilimino)-2-pentanon (BAA) and 4-{5-[1-methyl-3-oxobutylideneamino]-
1-naphthylimino}-2-pentanone (NAA), after surface modification by 3-aminopropyltrime-
thoxysilane (APTS) to prepare new adsorbents. Characterization of the surface modification
was confirmed through elemental analysis, thermogravimetry and scanning electron micros-
copy. The immobilized silica gels (Si–APTS–BAA and Si–APTS–NAA) were used for sorption
of Cu(II) ion in aqueous solution. The influence of the pH, amount of adsorbent, ion concen-
tration, time, and temperature was investigated. The characteristics of the sorption process
were evaluated by using the Langmuir and Freundlich sorption isotherms. The sorption of
Cu(II) metal ion onto modified silica gels correlated well with the Langmuir type sorption
isotherm and sorption capacities were found to be 28.57 mmol g�1 (BAA) and 25.31 mmol g�1

(NAA) for Cu(II) metal ion. Thermodynamic parameters such as the standard free energy
change (DG˚), enthalpy change (DH˚) and entropy change (DS˚) were calculated to explain
the nature of sorption process. Various kinetic models including pseudo-first-order and
pseudo-second-order were investigated to determine the mechanism of sorptions. The experi-
mental data fitted the pseudo-second-order well for both Schiff base ligands.
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1. Introduction

In recent years, with the development of modern
industry, the water and environment pollution caused
by heavy metal ions are threat to human health and

living species. Metals in waters may be of natural
origin from the rocks and soil or from human
activities, including industry, domestic wastewater,
agricultural discharge and atmospheric deposition.
Many metals are biologically essential but become
toxic with increasing dosage. Heavy metal toxicity can
cause several disorders and diseases [1]. Major*Corresponding author.
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sources of heavy metal release to the environment due
to metal cleaning, plating facilities, mining, metal
extraction, corrosion and electric devise manufactures
[2,3].

Copper is an important element in most life forms
as a micronutrient, but is also toxic at high concentra-
tions [4]. Many separation techniques have been pro-
posed for removal of metals in various environmental
samples, including ion exchange, co-precipitation,
solvent extraction, membrane processes and sorption
[5–10]. Sorption is widely used in the removal of
heavy metals from waste water and aqueous solutions
through suitable sorbents [11,12]. Among the different
adsorbents, silica gel immobilized with various
organic compounds has especially received great
attention [13–15]. The silica gel is a good solid support
due to its thermal, chemical and mechanical stability
for the reaction process [16,17]. Modification of silica
gel can be achieved via chemisorptions of the desired
organic functional groups onto the silica surface
[18,19]. Modification of the surface is mostly carried
out by using on the appropriate molecule (such as
3-aminopropyltrimethoxysilane, 3-chloropropyltrime-
thoxysilane) designated as precursor silylating agent.
Thus a covalent bond can be formed between the sil-
ica gel surface and the silylating agent to give a new
modified surface with various chelating ligands. Por-
ous silica functionalized with various chelating agents
is increasingly utilized as an adsorbent because of its
excellent selectivity for a specific heavy metal ion [20].
A great number of chelating agents were immobilized
on the silica gel surface such as Schiff base derivatives
and oximes [21,22].

The purpose of the present paper is to develop
new sorbents by immobilizing chemically the Schiff
bases on the silica gel and to investigate the sorption
capabilities of these new modified sorbents for
removal of Cu(II) ion from aqueous solution.

This study was carried out in three basic steps. On
the first step of the study, Schiff base ligands BAA
and NAA were synthesized and characterized by ele-
mental analysis, 1H-NMR and IR spectroscopies. On
the second step of the study, activated silica gel with
dry nitrogen was modified by APTS. Schiff base
ligands synthesized on the first step of the study were
immobilized chemically to modificated silica structure.
The modification and immobilization reactions were
confirmed through elemental analysis, thermogravi-
metry and scanning electron microscope. The pre-
pared sorbents were used to investigate the capability
of removal of Cu(II) ion from aqueous solution. In
addition, the sorption characteristics and thermody-
namic properties of sorbents were examined.

2. Experimental

2.1. Chemicals

Powdered silica gel (Merck) was used as the sup-
port and the characteristics of the support are listed in
Table 1.

Schiff base ligands, 4-(4-{4-[1-methyl-3-oxobuty-
lideneamino]phenyl}phenylimino)-2-pentanone and
4-{5-[1-methyl-3-oxobutylideneamino]-1-naphthylimino}-
2-pentanone were synthesized according to the
method described in section 2.2. Benzidine, 1,5-diami-
nonaphthalene, ethanol and acetylacetone (Merck)
were used for synthesis. 3-Aminopropyltrimethoxysi-
lane (APTS, Aldrich) 97% was used for treatment of
the silica supports. Toluene (Merck) was dried.
Triethylamine (Merck) was used for immobilization.
Cu(NO3)2·3H2O (Merck) was used to prepare the
metal ion solution.

2.2. Physical measurements

FT-IR spectra were obtained in the 400–4,000 cm�1

range by Shimadzu IR Prestige-21 FT-IR spectrometer.
KBr pellets were used for solid samples. NMR spectra
of Schiff base ligands were obtained on a Bruker,
300MHz spectrometer at room temperature. Elemental
analysis was performed by LECO 932 CHNS. TGA
measurement was carried out on a Perkin Elmer Dia-
mond thermogravimetric analyzer. The morphology of
silica gel, Si–APTS, Si–APTS–BAA, and Si–APTS–
NAA surfaces were assessed with TESCAN VEGA II
LSU model SEM. The amount of the metal ions was
determined by an AAS Perkin Elmer AA800. pH val-
ues were measured by a pH-meter model pH 221,
Hanna instruments, Germany.

2.3. Synthesis of BAA and NAA

A modification of the method used by Shauib
et al. was employed for the preparation of the ligands
[23]. 0.01mol benzidine(1.84 g) or 1,5-diaminonaphtha-
lene(1.58 g) was dissolved in ethanol (30mL) and
0.02mol acetylacetone was added to this mixture.
Over a period of 4 h, the reaction mixture was heated
under reflux and then allowed to stand at room

Table 1
Properties of silica gel used as a support in this study

Particle size (mm) 0.063–0.200

Surface area (m2/g) 480–540

Pore volume (cm3/g) 0.74–0.84
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temperature overnight. During this period, the dark
green and brown precipitates were formed for BAA
and NAA, respectively. These precipitates were fil-
tered off, washed several times with diethyl ether and
dried in a vacuum.

BAA: Dark green powder; yield: 81%; M. p. 132˚C.
Anal. Calc. for C22H24N2O2: C, 75.84; H, 6.94; N, 8.04.
Found: C, 75.62; H, 6.85; N, 8.31; FT-IR (t, cm�1):
2,993–3,032m (Ar–H), 1,613 s (C=O), 1,557 s (C=N),
1,305m (C–N). 1H-NMR (d, ppm): 2.15 (s, 4H, CH2),
1.52–5.15 (s, 6H, CH3), 6.68–7.49 (m, 8H, Ar–H). The
molecular structure of this compound was shown in
Fig. 1.

NAA: Brown powder; yield: 84%; M. p. 194 ˚C,
Anal. Calc. for C20H22N2O2: C, 74.51; H, 6.87; N, 8.69.
Found: C, 74.88; H, 6.52; N, 8.48; FT-IR (t, cm�1):
1,610 (C=O), 1,570 (C=N), 2,996 (C–Halip.), 3,045
(Ar–H). 1H-NMR (d, ppm): 1.18 (s, 6H, CH3), 2.10 (s,
4H, CH2), 4.06 (s, 6H, CH3), 6.62–7.21 (m, 6H, Ar–H).
The molecular structure of this compound was shown
in Fig. 2.

2.4. Modification of silica gel by
3-aminopropyltrimethoxysilane

Silica gel was activated by heating for 10 h at 423K
in a stream of dry nitrogen [24]. A sample of 20.0 g
activated silica gel was suspended in 100mL of dry
toluene and 10.66mmol (2mL) APTS was added to
this suspension [25,19,26]. The mixture was refluxed
under inert atmosphere for 72 h. The suspension was
filtered and washed twice with toluene, and dried
under vacuum. The product obtained was named
Si–APTS (Fig. 3).

2.5. Immobilization of BAA and NAA on silica gel

A sample of 5.0 g modified silica gel (Si–APTS)
and 1.31 g of BAA or 1.28 g of NAA(4mmol) were
added to 60mL dry toluene, containing 4mL of trieth-
ylamine in order to favor the reaction equilibrium
[26]. The suspension was kept under reflux and
mechanically stirred for 72 h at 90˚C. The final product
which filtered, washed with toluene and ethanol and
dried under vacuum for 24 h was named as Si–APTS–
BAA (Fig. 4) and Si–APTS–NAA (Fig. 5).

2.6. Sorption studies for Cu(II) ion

The sorption studies were performed with batch
technique in an aqueous solution for Cu(II) ion. Sorp-
tion experiments were studied with similar character
ions such as Zn(II), Ni(II), Co(II), Pb(II) but Cu(II) ion
selected for results to be better than other ions. 50mg
Si–APTS–BAA or Si–APTS–NAA was added into
10mL of metal solution which has initial concentra-
tion of 1.0� 10�3 mol/L for Cu(II). The samples were
mechanically stirred for 2 h at 298 ± 1K and the solid
was separated by filtration. The experimental parame-
ters studied are the amount of sorbent (10–90mg),
effect on pH (2–7), temperature (298–333K), contact
time (2–48 h) and ion concentration (5–200 ppm). The
desired pH values were attained by adding 0.1mol/L
solutions of HCl and NaOH. After reaching sorption
equilibrium, the sorbent was filtered and the concen-
tration in the filtrate of the metal ion being investi-
gated was determined by AAS.
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Fig. 1. 4-(4-{4-[1-methyl-3-oxobutylideneamino]phenyl}
phenylimino)-2-pentanone (BAA).
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The amount of metal ions sorbed by sorbents was
calculated as it was shown in below equation:

q ¼ ðC0 � CÞ V=W ð1Þ

where q is the amount of metal ion sorbed onto the
unit amount of the sorbent (mmol/g), C0 and C are
the concentrations of metal ions in the initial and
equilibrium concentrations of the metal ions in aque-
ous phase (mol/L), V is the volume of the aqueous
phase (L), and W is the dry weight of the sorbent (g).

In the sorption study, the effect of Cu(II) ion
concentration on the sorption capacities was examined
using the batch procedure. 50mg of the sorbent
was stirred with 10.0mL of various concentrations of
metal ion for 2 h. In order to evaluate the sorption
characteristics of metal ion on the Si–APTS–BAA and
Si–APTS–NAA, experimental data were fitted to
sorption isotherm models of Freundlich and
Langmuir.

The effect of temperature on the sorption of Cu(II)
metal ion onto Si–APTS–BAA and Si–APTS–NAA is
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Fig. 4. Immobilization of BAA onto modified silica gel.
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given as the plot of the distribution coefficient values
(KD) as a function of temperature. Thermodynamic
parameters, free energy change (DH˚), and entropy
change (DS˚) were calculated using temperature data.
In addition, kinetic of sorption of Cu(II) metal ion was
examined using sorption data.

3. Results and discussion

3.1. Characterization

In this study, BAA and NAA were immobilized on
the silica surface after modification by 3-aminopropyl-
trimethoxysilane. Immobilization of Schiff base
ligands onto silica gel followed a sequence of three
steps. On the first step Schiff bases were synthesized
and characterized by using elemental analysis, FT-IR
and 1H-NMR. The free Schiff bases exhibit bands at
1613, 1610 (vs.) and 1557, 1570 s cm�1 due to tC=O
and tC=N, respectively. The low energy position of
these bands could be attributed to its involvement in
conjugation with the aromatic system [23].

On the second step silica gel was modified by
APTS (Si–APTS) and then Schiff base ligands were
immobilized onto modified silica structure. The modi-
fication and immobilization reactions were character-
ized through elemental analysis, thermogravimetry
and SEM. Modification and immobilization proce-
dures were shown in Figs. 3–5. The degree of immobi-
lization on the surface was determined by considering
the elemental analysis data. The percentage amount of
carbon was 11.41 and 14.34 for Si–APTS and
Si–APTS–BAA, respectively. The percentage amounts
of carbon, nitrogen and hydrogen were shown in
Table 2 for SiO2, Si–APTS, Si–APTS–BAA, and
Si–APTS–NAA compounds. These values showed that
APTS, BAA and NAA were covalently bonded on
activated silica gel.

The thermogravimetric curves reflect the thermal
stability of anchored surface and also the confirmation
of the amount of the compounds immobilized as
shown Figs. 6 and 7. The curves showed distinct mass

losses of the organic groups covalently bonded to
inorganic phase. The activated silica gel presented a
loss of adsorbed water mass of 5% from 303 to 373K,
assigned to physical adsorbed water (a). A curve
involving Si–APTS (b) gave a mass loss of 19% in the
473–973K interval of temperature. This loss is related
to the decomposition of the attached APTS silylant
chain and also included the condensation of the
remaining silanol groups. As expected, the immobi-
lized Si–APTS–BAA (c) surface presented two distinct
stages of mass loss. The first mass loss of 10% in the
373–573K range is assigned to adsorbed water [27].
The second mass loss of 26% between 573 and 973K
is attributed to the organic groups immobilized on the
surface and the condensation of the remaining silanol
groups. As parallel, mass loss of 23% in TGA curve
(Fig. 7) of Si–APTS–NAA was indicated detaching of
organic groups from silica surface. These results in
mass loss are in agreement with a lot of works [18,28].

In addition to the characterization, the images of
the sorbent surfaces were examined by scanning
electron microscopy. SEM images of activated silica

Table 2
Percentages (%) of hydrogen (H), carbon (C), and nitrogen
(N) for the matrices SiO2, Si–APTS, Si–APTS–BAA, and
Si–APTS–NAA

Surface Carbon (%) Hydrogen (%) Nitrogen (%)

SiO2 0 0 0

Si-APTS 11.41 2.44 3.75

Si-APTS-BAA 14.34 2.67 5.07

Si-APTS-NAA 14.01 2.13 5.03

Fig. 6. Thermogravimetric diagrams of: (a) SiO2, (b) Si-APTS,
and (c) Si-APTS-BAA.

Fig. 7. Thermogravimetric diagrams of: (a) SiO2, (b) Si-APTS,
and (c) Si-APTS-NAA.
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gel, Si–APTS, Si–APTS–BAA, and Si–APTS–NAA were
recorded and representative images of these surfaces
are presented in Figs. 8–11. The surface of the acti-
vated silica gel is composed of a macro particle struc-
ture (Fig. 8). After the modification of APTS on silica
gel, the surface was changed (Fig. 9). Figs. 10 and 11
presented SEM of the surfaces of BAA and NAA
immobilized onto silica [29]. It can be seen that Si–
APTS–BAA and Si–APTS–NAA surfaces could have
large surface area with immobilization.

3.2. Optimum conditions for sorption

3.2.1. Effect of pH

The pH of the aqueous solutions is an important
variable, which controls the sorption between the
adsorbent and water interface. The sorption of Cu(II)
ions on sorbents was studied at different pH values
ranging from 2 to 7. The results are presented in
Fig. 12, which reveals that the sorption of Cu(II) is
maximum at pH 5 for both sorbents. It can be seen

Fig. 8. SEM of the surface of activated silica gel.

Fig. 11. SEM of the surface of NAA immobilized silica gel.Fig. 9. SEM of the surface of APTS modified silica gel.

Fig. 10. SEM of the surface of BAA immobilized silica gel.
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from Fig. 12 that the sorption capacity of Cu(II)
increases with the raise in pH values. As the pH
increased, the sorbent surface becomes less positive
and therefore electrostatic attraction between the
metal ions and sorbent surface is likely to be
increased. Sorption is also not favor in the acidic
range; this may be as a result of the sorption of
[H3O

+] ions on the same active sorption site instead of
metal ions [13,19].

3.2.2. Effect of sorbent amount on sorption

The effect of sorbent amount’s variation on the
sorption of Cu(II) by sorbents is shown in Fig. 13. Sor-
bent amount varied from 0.01 to 0.09 g and equili-
brated for 2 h at on initial Cu(II) concentration of
1.0� 10�3mol/L. As it can be seen from Fig. 13, the
percent sorption of Cu(II) ions increased with the raise
in amount of sorbent up to a certain level, and then
leveled off. The required minimum sorbent amount
for the quantitative sorption of 1.0� 10�3mol/L Cu(II)
in 25mL was found 0.05 g of sorbents. As expected,
an increase in the sorption with the amount of added
sorbent can be attributed to greater surface area and
the availability of more sorption sites.

3.2.3. Effect of time on the sorption

Cu(II) ion sorption capacity was determined as a
function of time to determine an optimum contact
time for the sorption of metal ion on sorbents. Fig. 14
illustrates the sorption of Cu(II) by sorbent as
time functions. An initial concentration of Cu(II)
1.0� 10�3mol/L was tried and the concentration of
Cu(II) in equilibrium on sorbent was plotted as a
function of the equilibrium period for the sorbent. The

sorption equilibrium time is attained within 120min
for Cu(II) ion.

3.2.4. Temperature dependence of sorption

The isotherms for sorption of Cu(II) ions at pH 5
for four different temperatures (25, 35, 50, 60) are pre-
sented in Figs. 15 and 16. The effect of temperature on
the equilibrium constant (K) or the sorption of Cu(II)
ion onto sorbents was investigated at this stage. The
equilibrium constant for Cu(II) was low and sorption
decreased with increasing temperature for Si–APTS–
BAA. This is due to the exothermic sorption reactions
of Cu(II) ion with sorbent. The equilibrium constants
for such reactions slightly decrease with temperature.
In contrast to Si–APTS–BAA, sorption increased with
increasing temperature for Si–APTS–NAA. The
sorption reaction is endhotermic for this sorbent. As
seen from Figs. 15 and 16, maximum sorption capacity
was obtained at 25˚C.
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Fig. 12. The effect of pH on the sorption of Cu(II) ion (Cu:
1.0� 10�3mol/L, t: 120minm(sorbent): 0.05 g, temperature:
25˚C).
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Fig. 13. Effect of sorbent amount (0.01–0.09 g) on the
sorption of Cu(II) on immobilized silica at pH 5. Cu(II)
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3.2.5. The effect of initial concentration and sorption
isotherms

The effect of initial concentrations on metal ion
sorption was investigated by varying the initial con-
centrations of the metal ion at optimum pH value.
The obtained results were presented in Figs. 17 and
18. The sorption amount of metal ion was increased
with increasing initial concentration, then the line lev-
eled off after 1.71mmol metal ion concentration for
BAA. However, this value was found to be 1.61mmol
metal ion concentration for NAA.

The equilibrium isotherms are very important for
understanding the sorption systems. There are several
isotherm equations available for analyzing experimen-
tal sorption equilibrium data. The most frequently
used for sorption are the Langmuir and Freundlich
isotherm equations. Experimental data obtained from

the effect of initial concentration on sorption capacity
were fitted to Langmuir and Freundlich sorption
isotherms.

3.2.5.1. Langmuir isotherm. The Langmuir isotherm
applies to sorption on a completely homogenous sur-
face with negligible interaction between adsorbed
molecules [28]. It is valid for monolayer sorption onto
a surface containing a finite number of identical sites.

The linear form of the Langmuir equation can be
represented as follows:

C=q ¼ 1=ðAs KbÞ þ C=As ð2Þ

where C (mmol L�1) is the concentration of the ion
solution at equilibrium and q (mmol g�1) is the
amount of sorption at equilibrium. As is the maximum
surface density of monolayer coverage and Kb is the
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Fig. 15. The equilibrium constant for Cu(II) on the BAA
sorbent as a function of temperature at pH 5. Amount of
sorbent: 0.05 g, Cu(II) solution: 1.0� 10�3mol/L.
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sorption on Si-APTS-BAA sorbent. Cu(II) pH 5; t: 120min,
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Fig. 18. Effect of initial concentration for metal ion
sorption on Si-APTS-NAA sorbent. Cu(II) pH 5; t: 120min,
m: 0.05 g, temperature: 25˚C.
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Langmuir sorption constant (Lmmol�1) when C/q is
plotted against C, a straight line with slope 1/As and
intercept 1/Kb As is obtained. The Langmuir parame-
ters for Cu(II) metal ion, As and Kb are calculated
from the slope and intercept of the graph are given in
Table 3.

3.2.5.2. Freundlich isotherm. The Freundlich iso-
therm is based on the assumption that the sorption
occurs on heterogeneous surfaces with non-uniform
distribution of energy levels [30].

The linear form of the Freundlich equation is
written as:

ln q ¼ ln kþ 1=n ln C ð3Þ

where C (mmol L�1) is the concentration of the ion
solution at equilibrium and q (mmol g�1) is the
amount of sorption at equilibrium. K is the Freundlich
constant (mmol g�1) which indicates the sorption

capacity and n is the heterogeneity factor which repre-
sents the bond distribution. When ln q is plotted
against ln C, a straight line with slope 1/n and inter-
cepts ln K is obtained. The Freundlich parameters for
the sorption of Cu(II) ion are given in Table 4. On the
comparison of the R2 (correlation coefficient) values
given for Freundlich and Langmuir, Langmuir iso-
therm represents an excellent fit to the experimental
data (R2 = 0.9967) than the Freundlich isotherm for sor-
bents. It can be concluded that, the metal ion sorption
on the immobilized silica gel surface with sorbents
can be occurred on homogeneous surface. This result
also confirms that the image of SEM is a homoge-
neous structure of immobilized Schiff base ligands on
the silica gel (Figs. 10 and 11).

3.3. Thermodynamic parameters

Thermodynamic parameters such as free energy
change (DG˚), enthalpy change (DH˚), and entropy
change (DS˚) were determined by following Eqs:

DG� ¼ �RT ln K ð4Þ

DG� ¼ DH� � TDS� ð5Þ

logK ¼ ðDS�=2:303RÞ � ðDH�=2:303RTÞ ð6Þ

where DG˚ is the change in free energy (kjmol�1), DH˚
is the change in enthalpy (kjmol�1), DS˚ is the change
in entropy (kjmolK�1), T is the absolute temperature
(K), R is the gas constant (8.314� 10�3), and K is the
equilibrium constant. The thermodynamics of Cu(II)
ion sorption onto sorbents from aqueous solution
were studied between 25 and 60˚C, when log K is
plotted against 1/T, a straight line with slope DH˚/
2.303 RT and intercept DS˚/2.303 R is obtained
(Figs. 15 and 16) and the values of DH˚ and DS˚ were
obtained from the slope and intercept of the Van’t

Table 3
Langmuir constants

Langmuir sorption isotherm

Metal Sorbents Kb As R2

Cu(II) Si–APTS–BAA 38.8 28.57 0.9967

Si–APTS–NAA 65.83 25.31 0.9997

Table 4
Freundlich constants

Freundlich sorption isotherm

Metal Sorbents Kf n R2 1/n

Cu(II) Si–APTS–BAA 13.18 2.43 0.8280 0.41

Si–APTS–NAA 11.015 3.17 0.5185 0.315

Table 5
Thermodynamic parameters for the sorption of Cu(II) on sorbents

Metal Cu(II) T (K) 1/T ln K (kJ/mol) DG˚ (kJ/mol) DH˚ (kJ/mol) DS˚ (kJ/mol)

Si–APTS–BAA 298 0.003356 2.17838 �7.44934 �32.2251 �0.08314

308 0.003247 1.825104 �6.61794

323 0.003096 1.107009 �5.37084

333 0.003003 0.869581 �4.53944

Si–APTS–NAA 298 0.003356 5.754018 �14.3724 5.8198 0.067759

308 0.003247 5.94964 �15.05

323 0.003096 5.980973 �16.0664

333 0.003003 6.029884 �16.744
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Hoff plots. The obtained parameters of the sorption
process are given in Table 5. As it can be seen from
Table 5, negative DG˚ values confirm the feasibility of
the process and spontaneous nature of the sorption
for the adsorbent. The negative values of DH˚ indicate
the exothermic nature of the process while the nega-
tive DS˚ corresponds to a decrease in the degree of
freedom of the adsorbed species [31].

3.4. Sorption kinetics

3.4.1. The pseudo-first-order kinetic model

Experiments were also performed to understand
the kinetics of Cu(II) sorption by these sorbents. The
kinetics of Cu(II) sorption on adsorbent followed the
first-order kinetic model given by Lagergren:

lnðqe � qtÞ ¼ ln qe � k1 t ð7Þ

where qt is the quantity of Cu(II) (mg/g) sorbed on
the sorbent after various times t, qe is the maximum
sorption capacity (mg/g) and k1 is the pseudo-first-
order rate constant for the sorption process (min�1)
[32]. In order to calculate kinetic data, a plot of ln
(qe� qt) against t was carried out. First-order constant
(k1) and qe values were calculated from the slope and
intercept, respectively (Table 6). It is clear that the R2

value is relatively low and the experimental qe value
did not agree with the calculated qe value from the
linear plot. These results showed that the pseudo-first-
order model did not satisfactorily predict the kinetic
of Cu(II) sorption on to the sorbents.

3.4.2. The pseudo-second-order kinetic model

The sorption kinetic can also be given by a
pseudo-second-order equation [33].

t=qt ¼ 1=k2 q2 þ ð1=qeÞ t ð8Þ

where qt and qe are the amount of Cu(II) (mg/g)
sorbed on the sorbent after various times t and
maximum sorption capacity (mg/g), respectively, and

k2 is the pseudo-second-order rate constant for the
sorption (g/mgmin). Figs. 19 and 20 show the curves
obtained from the experimental data. The kinetic
parameters were calculated from curves and are listed
in Table 6. As it can be seen from Table 6, higher
correlation coefficient was obtained for the pseudo-
second-order model. Experimental qe value also agrees
with the calculated qe value. It indicates that the

Table 6
The rate constants of sorption kinetic model for Cu(II) on sorbents

Metal Sorbents q (experimental) Pseudo-first-order Pseudo-second-order

k1 qe (calculated) R2 k2 qe (calculated) R2

Cu(II) Si–APTS–NAA 0.3341 6.9� 10�5 4.1605 0.731 10.152 0.3349 1.000

Si–APTS–BAA 0.3331 2.3� 10�4 3.6377 0.802 3.8463 0.3342 0.999

y = 2.9914x + 2.3265
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Fig. 19. The fitting of pseudo-second-order model for Cu
(II) ion on Si-APTS-BAA(Cu(II): 1.0� 10�3mol/L, pH 5, m:
0.05 g).
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Fig. 20. The fitting of pseudo-second-order model for Cu
(II) ion on Si-APTS-NAA(Cu(II): 1.0� 10�3mol/L, pH 5,
m: 0.05 g).
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sorption of Cu(II) on to sorbents can be more favor-
ably approximated by a pseudo-second-order model
than the pseudo-first-order one.

4. Conclusions

In the presented study, BAA and NAA were
successfully bound on the silica surface after modifica-
tion by 3-aminopropyltrimethoxysilane. Structural,
chemical and metal ion sorption properties of this
newly prepared sorbents were investigated. The
sorbents showed a high sorption capacity towards Cu
(II) ion. The removal of Cu(II) ion strongly depends on
the solution pH. The maximum removal of Cu(II) was
observed at an optimum pH of 5. Because the prepared
materials have a good sorption capacity obtained at
lower temperatures, Cu(II) ion sorption was
significantly affected by the change of temperature.

Sorption of Cu(II) ion on the prepared sorbents
can be expressed better with Langmuir type sorption
isotherm which shows the homogenous characteristic
of the sorption sites on sorbents.

This immobilized silica gel structure can be used
as effective, lower cost material for the removal of Cu
(II) ion from contaminated or waste water.
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