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In this study, the immobilization of 2,2’-dipyridyl onto bentonite was firstly carried out and it was then
used for the adsorption of copper(ll) ions from aqueous solutions. The variation of the parameters of pH,
contact time, initial copper(Il) concentration and temperature were investigated in the adsorption exper-
iments. The XRD, FTIR, elemental and thermal analyses were performed to observe the immobilization
of 2,2’-dipyridyl onto natural bentonite. The adsorption data obtained were well described by the Lang-
muir adsorption isotherm model at all studied temperatures. The results indicated that the maximum

Il;?r: ‘;‘:f;ise: adsorption capacity was 54.07 mgg-! from the Langmuir isotherm model at 50 °C. The thermodynamic
Adsorption parameters indicated that the adsorption process is spontaneous, endothermic and chemical in nature.
2,2/-Dipyridyl The kinetic parameters of the adsorption were calculated from the experimental data. According to these
Copper parameters, the best-fit was obtained by the pseudo-second-order kinetic model. The results showed

Immobilization that 2,2’-dipyridyl-immobilized bentonite can be used as the effective adsorbent for the removal of heavy

metal contaminants.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The removal of heavy metal ions from polluted sources has
received a big deal in recent years for global of the underlying detri-
ment of heavy metals in the environment. In addition to, they have
been widely recognized that heavy metal ions in aqueous solutions
create many of problems for humans, animals and plants. Although
copper is essential to human life and health, it is potentially toxic at
higher concentration levels. Copper is extensively discharged from
the electrical industry, alloys and metal surface finishing, pulp and
paper mills, fertilizer plants, petroleum refineries, and it is found
as contaminant in food including shellfish, liver, mushroom, nuts
and chocolate [1-6].

Human intake of large doses of copper ions leads to severe
mucosal irritation and corrosion, hepatic and renal damage, central
nervous system irritation, chronic disorders, cramps in the calves,
to cause high fever, gastrointestinal catarrh, liver and kidney dam-
age, and anemia [7,8]. In order to minimize the adverse effects of
these kinds of heavy metals, authorities and environmental agen-
cies all over the world enforced stringent levels for the maximum
allowable limits of heavy metals discharge into the rivers, lakes and
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landscapes. A major effort is underway to keep copper(Il) ions con-
centration in drinking water below the World Health Organization
(WHO) maximum permissible limits of 1.00mgdm~3. Conven-
tional treatment methods have significant disadvantages such as
incomplete metal removal, high reagent consumption, generation
of toxic sludge and ineffectiveness for the low metal concentra-
tions less than 100 mgdm~3, therefore their concentrations must
be reduced to acceptable levels before discharging them into the
environment [1,2,4].

Adsorption has proved to be one of the respective methods,
which is a simple, selective and economical process for the removal
of heavy metal ions from aqueous solutions. Natural adsorbents
such as clay materials including montmorillonite, smectite, ben-
tonite, sepiolite and zeolite can be used as an adsorbent for the
removal of heavy metals from aqueous solutions since they are low-
cost, effective, abundant and easily available. Bentonite is known
as a clay material consisting essentially of smectite mineral of the
montmorillonite group. It is used in many of industrial areas such
as an emulsifier agent for asphaltic and resinous substances, as
an adhesive agent in horticultural sprays and insecticides, in con-
crete mixtures, as a plasticizer in ceramic bodies as a bleaching
in vegetable oils and drilling mud [9]. The inner layer of ben-
tonite is composed of an octahedral sheet situated between two
SiO4 tetrahedral sheets. Substitutions within the lattice structure
of AI?* for Si** in the tetrahedral sheet and Mg2* for AI3* in the
octahedral sheet result in unbalanced charges in the structural
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units of bentonite surface. The charge imbalance is compensated
by exchangeable cations including H*, Na*, or Ca2* on the layer
surfaces [10,11].

The surface properties of natural bentonite can be greatly
changed with a complexation reagent by simple ion-exchange reac-
tions. In this study, 2,2’-dipyridyl was used as a complexation agent.
It occupied the exchangeable sites of bentonite. In the first time,
2,2'-dipyridyl-immobilized bentonite (DP-bentonite) was used in
this study as an adsorbent for the removal of copper(Il) ions to
obtain information about the adsorption isotherms, thermodynam-
ics and kinetics.

2. Materials and methods
2.1. Materials and immobilization

A stock solution of copper(Il) ions was prepared by dissolving
known amount of CuSO4-5H,0 in deionized water and the stock
solution was then diluted to the various concentrations between
92.5 and 200mgdm~3 and the pH of the solutions was adjusted
to desired values with 0.1 M HCl or 0.1 M NaOH. Fresh dilutions
were used for each experiment. All the chemicals used were in
analytical grade. The adsorbent was prepared by using natural ben-
tonite, which was provided from Canakkale, Turkey. It was crushed,
ground, sieved through a 63-pm size sieve and samples collected
from under the sieve and dried in an oven at 110°C for 2 h before
use.

Bentonite (30 g) was suspended in 0.8 dm? of deionized water
and its pH was adjusted to 4.77 with acetic acid and DP-bentonite
was prepared by adding 2,2’-dipyridyl at equally the cation-
exchange capacity (CEC) of the bentonite. The mixture was stirred
for 48 h for the immobilization of 2,2’-dipyridyl onto bentonite.
When the treatment method was accomplished, the solid phase,
which contains 2,2’-dipyridyl-immobilized bentonite, was sepa-
rated by filtration and then washed with deionized water. It was
dried, crushed, ground, sieved through a 63-pum size sieve and sam-
ples collected from under the sieve and dried in an oven at 70 °C for
24 h prior to use.

2.2. Characterization

Natural bentonite was characterized with respect to its CEC by
the methylene blue method [ 12] and it was found as 980 mmol kg 1.
The BET surface areas of natural- and DP-bentonite were deter-
mined from N, adsorption isotherm with a surface area analyzer
(Quantachrome Instruments, Nova 2200e) and the results were
67.49 and 49.66 m2 g1, respectively.

The chemical analysis of natural bentonite was conducted using
an energy dispersive X-ray spectrometer (EDX-LINK ISIS 300)
attached to a scanning electron microscope (SEM-Cam Scan S4). The
crystalline phases present in bentonite were determined via X-ray
diffractometry (XRD-Rigaku Rint 2000) using Cu Ko radiation.

Fourier Transform Infrared spectra of natural-, DP-bentonite
and copper(Il) loaded DP-bentonite prepared as KBr discs were
recorded in a PerkinElmer Spectrum 100 Model Infrared Spec-
trophotometer to observe the immobilization of 2,2’-dipyridyl.

The elemental analysis (Vario EL IIl Elemental Analyzer, Hanau,
Germany) of DP-bentonite was carried out to determine C/N ratio
in DP-bentonite. Thermal analysis (Setaram) was performed to
observe the immobilization of 2,2’-dipyridyl onto bentonite. The
analyses for natural bentonite, 2,2’-dipyridyl and DP-bentonite
were carried out in the temperature range 25-1000°C, 25-500°C,
25-1000°C, respectively at a heating rate of 10°Cmin—1.

Zeta potential measurements of natural bentonite, DP-bentonite
and DP-bentonite in the presence of copper(ll) ions was deter-
mined by using a ZEN 3600 Model Zetasizer Nano-ZS connected
with MPT-2 multipurpose automatic titrator (Malvern Inst. Ltd.,
UK). The optical device contains a 5-mW He-Ne (638 nm) laser. The
sample of 0.1 g of suspensions of natural bentonite, DP-bentonite
and DP-bentonite (in 50 mL of copper(ll) ions solution) were soni-
cated for 10 min. The suspension was then kept still for 5 min to let
larger particles settle. About 10 mL of clear supernatant was placed
into the vial, which was connected with automatic titrator. The
desired pH of the solution was kept constant during conditioning
by introducing appropriate amounts of HCl or NaOH.

2.3. Adsorption studies

Adsorption experiments were firstly conducted with adsorbent
in an Erlenmeyer on a magnetic stirrer to determine the optimum
pH where the maximum adsorption was accomplished for cop-
per(Il) ions. The solution pH ranging from 1.5 to 5.7 was carefully
adjusted the by adding a small amount of HCI or NaOH solution and
measured using a pH meter (Fisher Accumet AB15), while 50 mL of
100 mgdm~3 copper(Il) ions solutions contained in 100 mL Erlen-
meyer flasks closed with stoppers were stirred using a magnetic
stirrer.

The optimum pH was then determined as 5.7 and used through-
out all adsorption experiments. Copper(ll) ion concentrations
ranging from 92.5 to 200 mg dm~3 were prepared and used to eval-
uate the adsorption isotherm data on the adsorption process. The
adsorption of copper(Il) ions onto DP-bentonite was carried out at
constant temperatures of 20, 30, 40 and 50°C for the adsorption
isotherms. Once the optimum pH had been attained, the experi-
ments carried out at this pH value for the increasing periods of
time (10-180 min) and temperatures of 20, 30, 40 and 50 °C, until
no more copper(Il) ions was removed from the aqueous phase and
the equilibrium had been achieved. When the adsorption procedure
completed such time, the solutions were filtered and the equilib-
rium concentrations were then analyzed for residual copper(Il)
ion concentrations by using an atomic absorption spectropho-
tometer (PerkinElmer) with an air-acetylene flame. Deuterium
background correction was used. The instrument calibration was
periodically checked by using standard metal solutions for every
15 reading. The amount of copper(ll) ions adsorbed onto DP-
immobilized bentonite was determined by the difference between
the initial and the remaining concentrations of copper(Il) ions
solution.

3. Results and discussion
3.1. Chemical composition of bentonite

The chemical composition of natural bentonite, which is
obtained by using EDX analysis, is given as following (%): SiO5:
70.75, Al;03: 16.18, K,0: 2.12, CaO: 1.62, MgO: 1.25, Fe,03: 0.70,
TiO,: 0.18, Nay0O: 0.11 and loss of ignition: 6.63. This result indi-
cates the presence of silica and alumina as major constituents along
with traces of sodium, potassium, iron, magnesium, calcium, and
titanium oxides in the form of impurities. XRD results combined
with EDX analysis show that most of the silicon is in the form of ben-
tonite. XRD also indicates the presence of free quartz in bentonite. It
is, thus, expected that the adsorbate species will be removed mainly
by 5102 and A]203.

The XRD patterns of natural bentonite and DP-bentonite were
recorded (Fig. 1) and their basal spaces were observed at 14.87
and 14.72 A, respectively. The expansion in the basal spacing of the
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Fig. 1. XRD patterns of (a) natural bentonite and (b) DP-bentonite.

natural bentonite can be calculated as Ad=d — 14.87 A, where d is
the basal spacing of the DP-immobilized bentonite and 14.72 A is
the thickness of a clay layer [13]. Ad is found to be —0.15A. This
result suggests that the expansion in the basal spacing of natural
bentonite with complexation reagent was not observed and 2,2'-
dipyridyl attach to the edges of bentonite.

3.2. FTIR analysis

The FTIR spectra of natural bentonite, DP-bentonite and
copper(ll)-loaded DP-bentonite (Fig. 2) were performed in the
range of 4000-400 cm~! and compared with each other to obtain
information on the immobilization of the 2,2’-dipyridyl onto ben-
tonite and the nature of the possible DP-bentonite-metal ions
interactions.

A group of absorption peaks observes between 3433 and
3623 cm~!, which is due to H-O-H stretching vibration bands of
water molecules weakly hydrogen bonded to the Si-O surface in
the natural bentonite (Fig. 2(a)) and DP-bentonite (Fig. 2(b)) and
their bending vibrations at 915 and 845 cm~!. The above stretch-
ing band intensities of DP-bentonite were rather lower than that of
natural bentonite. The stretching vibration of aromatic C-H groups
is observed at 3101 cm~!. This band is the first evidence for the
immobilization of 2,2’-dipyridyl onto edges of bentonite. The band
at around 1635cm~! also corresponds to the -OH deformation
of water to observe natural bentonite and DP-bentonite. The C-C
and C-N ring stretching (skeletal) vibrations in the DP-bentonite
(Fig. 2(b)) were observed at 1587, 1531, 1472 and 1459 cm~! (four
bands) and the yc_y bending and B-ring vibrations obtained at
726 and 765cm™!, respectively [14], but these bands were not
observed in the natural bentonite. This may be the second accept-
able evidence for the immobilization of 2,2’-dipyridyl onto natural
bentonite.

The C-C and C-N ring stretching (skeletal) bands in the
copper(ll)-loaded DP-bentonite (Fig. 2(c)) shifts 1577, 1502,
1477 and 1453cm~! and their yc.y bending and B-ring

vibrations moves at 729 and 750cm~!, respectively to com-
pare with the related DP-bentonite bands. This behavior
reflects the interaction between DP-bentonite and copper(Il)
ions.

The Si-O coordination bands at 1087 and 1039cm~! are
observed as aresult of the Si-O vibrations. The deep band at around
1039 cm~! represents the stretching of Si-O in the Si-O-Si groups
of the tetrahedral sheet. The bands at 523 and 467 cm~! are due to
Si-0O-Al (octahedral) and Si-O-Si bending vibrations respectively,
for each sample. The Si-O stretching vibration at around 1039 cm~!
shifts 1047 cm~! after the copper(ll) ions loaded. It confirms that
there is an interaction between DP-bentonite and copper(Il) ions.

3.3. Elemental and thermal analysis

The ratio of C/N for DP-bentonite from elemental analysis results
is 4.335 and the calculated value of C/N ratio is 4.287. The percent-
age of 2,2’-dipyridyl immobilization onto bentonite is 8.918. These
results confirm that the 2,2’-dipyridyl molecules immobilized onto
bentonite and they are also consistent with above FTIR analysis
results.

The differential thermogravimetric (DTG) analysis curves of
the natural bentonite, 2,2'-dipyridyl and DP-bentonite were indi-
cated that the peak at around 260°C was only observed in
DP-immobilized bentonite and it confirms the immobilization of

(a)

(b)

Relative transmittance (%)

| | |
4000 3000 2000 1000 400
Wavenumber (cm™!)

Fig. 2. FTIR spectra of (a) natural bentonite, (b) DP-bentonite and (c) copper(Il) ions
loaded DP-bentonite.
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Fig. 3. The zeta potential of (a) natural bentonite, (b) DP-bentonite and (c) copper(II)
ions loaded DP-bentonite solution as a function of pH.

the 2,2’-dipyridyl onto bentonite but this peak is not observed in
natural bentonite.

3.4. Zeta potential measurements

The zeta potential of natural bentonite, DP-immobilized ben-
tonite and DP-immobilized bentonite (in copper(Il) ions solution)
was depicted in Fig. 4, as a function of suspension pH. As shown in
Fig. 3(a) and (b), natural bentonite and DP-bentonite have no point
of zero charge (pHp,c) and exhibit negative zeta potential values at
all studied pH values. This result agrees with those obtained from
electrokinetic measurements of clay minerals [15-18].

The zeta potential is important in the case of DP-bentonite in
copper(Il) ions solution and dependent on pH (Fig. 3(c)). The point
of zero charge, where the colloidal system is least stable [19], was
measured as 5.69 for DP-bentonite in copper(Il) ions solution. After
this point (pH > 5.69), the surface charge becomes increasingly pos-
itive, but the natural bentonite and DP-immobilized bentonite (the
absence of copper(Il) ions) have a negative charge (Fig. 3(a) and
(b)), while copper(Il) ions tends to form a cationic species and
consequently, has a positive surface charge (Fig. 3(c)), thus the
electrostatic interactions between the surface and copper(Il) ions
complexes are considerable. Therefore, changes to the sign of the
zeta potential of DP-bentonite in the presence of copper(Il) ions can
be directly related to the specific adsorption of cationic copper(Il)
ions species [20].

3.5. Effect of pH

The pH of aqueous solution has been known as the most impor-
tant variable governing heavy metal adsorption onto adsorbent.
This is partly because hydrogen ions themselves are strongly com-
peting with adsorbates. Fig. 4 indicates the effect of pH on the
removal of copper(Il) ions onto natural bentonite and DP-bentonite

from aqueous solutions. It can be seen from Fig. 4 that the adsorp-
tion capacity are almost same up to pH 4.0. After pH 4.0, uptakes
increase sharply up to pH 5.0 and then it was stable up to pH
5.7 since more metal binding sites could be exposed and carried
negative charges, with subsequent attraction of metal ions with
positive charge and adsorption onto the adsorbent surface. Exper-
iments were not carried out after the pH values of up to 5.7 due to
the fact that metal precipitation appeared at higher pH values and
interfered with the accumulation or adsorbent deterioration [21].

3.6. Adsorption isotherms

The adsorption data were analyzed to see whether the
isotherm obeyed the Langmuir [22], Freundlich [23] and
Dubinin-Radushkevich (D-R) [24] isotherm models. The linear
forms of the Langmuir, Freundlich and Dubinin-Radushkevich
(D-R) isotherm equations are represented by the following equa-
tions:

e Langmuir:
Ce 1 Ce
e _ + 1
Ge  qmaxKL  Gmax (1

e Freundlich:

Inge = InKp + %lnCe (2)
¢ Dubinin-Radushkevich (D-R):

Inge = Ingm — B2 (3)

where ¢ is the equilibrium copper(Il) ions concentration on the
adsorbent (mgg~1), Ce is the equilibrium copper(Il) ions concen-
tration in solution (mgdm~3), gmax is the monolayer capacity
of the adsorbent (mgg~!) and K; is the Langmuir constant
(dm3mg-1) and related to the free energy of adsorption; K
(dm3 g-1) is Freundlich constant and n (dimensionless) is the
heterogeneity factor which has a lower value for more hetero-
geneous surfaces; f is a constant related to the mean free energy
of adsorption per mole of the adsorbate (mol? k]=2), qm is the
theoretical saturation capacity (molg=1), and ¢ is the Polanyi
potential, whichis equal to RTIn (1 +(1/Ce)), where R(Jmol~1 K-1)
is the gas constant, and T (K) is the absolute temperature. The
plots of Ce/ge versus Ce (Langmuir) for the adsorption of copper(Il)
ions onto DP-bentonite (Fig. 5) give a straight line of slope 1/qmax

50
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Fig. 4. Effect of pH for the adsorption of copper(Il) ions onto natural bentonite and
DP-bentonite at 20°C.
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Fig. 5. Langmuir plots for the adsorption of copper(Il) ions onto DP-bentonite at
various temperatures.

and intercept 1/qmax Ki, by plotting In Ce versus In ge (figure not
shown) (Freundlich) to generate the intercept value of Kr and the
slope value n and by plotting In ge versus &2 (figure not shown)
(Dubinin-Radushkevich (D-R)) it is possible to obtain the value
of gm from the intercept, and the value of 8 from the slope.

The Langmuir, Freundlich and D-R parameters for the adsorp-
tion of copper(Il) ions onto DP-bentonite are being listed in Table 1.
It is evident from these data that the adsorption of copper(Il) ions
onto DP-bentonite is fitted well the Langmuir isotherm model than
that of the Freundlich and D-R isotherm models, as indicated by
the r2 values in Table 1.

The effect of isotherm shape has been studied [25] with the
goal of predicting whether an adsorption system is favorable or
unfavorable. The essential feature of the Langmuir isotherm can be
expressed by means of ‘R;’, a dimensionless constant referred to as
the separation factor, or equilibrium parameter. Ry is calculated by
using the following equation:

1

RL = 1 —+ KLCO

(4)
where C is the copper(ll) ions concentration (mg dm—3). The values
of Ry are incorporated in Table 1. If R; values lie between 0 and 1,
adsorption process is considered to be favorable [25,26]. The R,
values in this study ranged from 5.48 x 10~2 to 0.103, indicating
that the adsorption process is favorable.

The maximum adsorption capacity of DP-bentonite obtained for
copper(Il) ions in this study was found to be comparable and higher
than those of many corresponding clay related adsorbents reported
in the literature [27-40] (Table 2).

One of the Freundlich constants K indicates the adsorption
capacity of the adsorbent. The other Freundlich constants n is a
measure of the deviation from linearity of the adsorption. The
numerical values of n at equilibrium lie between 3.584 and 7.859

Table 1

Table 2
Adsorption results of copper(ll) ions from the literature by various clay-based
adsorbents

Adsorbent Adsorption capacity (mgg~')
Montmorillonite [27] 28.80
TBA-montmorillonite [27] 27.30
TBA-kaolinite [27] 3.20
Manganese oxide coated zeolite [28] 6.34
Natural bentonite [29] 44.84
Kaolin [30] 447
Diatomite [30] 5.54
Vermiculite [31] 20.61
Clay-Bulgarian [32] 3.11
Palygorskite clay [33] 30.70
Spent activated clay [34] 13.20
Clinoptilolite [35] 3.80
Natural zeolite [36] 8.96
Kaolinite [37] 10.79
Commercial bentonite [38] 23.43
CBDA-hectorite [39] 40.64
Ca-bentonite [40] 7.72
Na-bentonite [40] 30.00

2,2’-Dipyridyl-immobilized bentonite (in this study) 54.07

are greater than unity, indicating that copper(Il) ions is favorably
adsorbed by DP-bentonite at all the studied temperatures.

The constant B gives an idea of the mean free energy E (k] mol—1)
of adsorption per mol of the adsorbate when it is transferred to
the surface of the solid from infinity in the solution, and can be
calculated using the relationship [41]:

1
E= —
2p)'?

This parameter gives information about the type of adsorp-
tion mechanism as chemical ion-exchange or physical adsorption.
A value of E between 8 and 16 k] mol~! corresponds to a chemi-
cal ion-exchange process whereas values <8 kjmol~! represent a
physical type of process [42]. The numerical value of E was found
to be >8 k] mol~! for all studied temperatures, indicating that the
adsorption may occur via a chemical ion-exchange process.

(5)

3.7. Thermodynamic parameters

In any adsorption procedure, both energy and entropy consid-
erations should be taken into account in order to determine what
process will take place spontaneously. Values of thermodynamic
parameters are the actual indicators for practical application of a
process. The amount of copper(Il) ions adsorbed at equilibrium at
different temperatures is 20, 30, 40 and 50°C, have been exam-
ined to obtain the thermodynamic parameters for the adsorption
system.

Because K is the Langmuir constant and its dependence with
temperature that can be used to predict thermodynamic parame-
ters, such as changes in the Gibbs free energy (AG°), enthalpy (AH®)
and entropy (AS°) associated to the adsorption process and were
determined by using following equations:

AG° = —RTInK;, (6)

Isotherm constants for the adsorption of copper(Il) ions onto DP-bentonite at various temperatures

Q) Langmuir Freundlich Dubinin-Radushkevich (D-R)
qmax (Mgg!) Ky (dm? mg!) R i n Ke (dm?g1) i gm (mgg™") B (mol? k]-2) 2 E (kj mol-1)
20 49.44 433 x102 0.103 0.989 3.584 11.20 0.924 93.94 3.40x 103 0.929 12.12
30 50.33 8.62 x 1072 548 x 1072  0.995 5.929 20.72 0.973 73.24 1.85x 103 0.966 16.45
40 54.01 0.127 3.79x 1072 0.999 6.005 23.85 0.940 82.54 1.69 x 103 0.952 17.19
50 54.07 0.208 2.33x10°%2 0.999 7.859 30.02 0.931 76.16 1.17 x 1073 0.947 20.71
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Fig. 6. Plot of InKj vs. 1/T for the predicting of thermodynamic parameters for the
adsorption of copper(Il) ions onto DP-bentonite.

AG° AH°  AS° 7
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The plot of InKy as a function of 1/T (Fig. 6) yields a straight
line from which AH® and AS° were calculated from the slope and
intercept, respectively.

The overall free energy changes during the adsorption pro-
cess were —19.30kJmol~! at 20°C, —21.70kJmol~! at 30°C,
—23.42kJmol~1 at 40°C and —25.51 k] mol~! at 50 °C, which were
all negative, corresponding to a spontaneous process of copper(Il)
ions adsorption.

The high positive value of the enthalpy change (+40.32 k] mol—1)
indicates that the adsorption is chemical in nature involving strong
forces of attraction and is also endothermic [43]. The positive
entropy change (AS°) value (+203.80] mol~! K-1) corresponds to
an increase in the degree of freedom of the adsorbed species.

IHKL = —

3.8. Adsorption kinetics

The influence of contact time on the adsorption of copper(Il)
ions onto DP-bentonite (Fig. 7) was investigated at various temper-
atures, i.e. 20, 30, 40 and 50°C. It is easily seen that the amount
of adsorption increased with the increasing of contact time. Maxi-
mum adsorption capacity was observed after 50 min, beyond which
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Fig. 7. Effect of contact time for the adsorption of copper(Il) ions onto DP-bentonite
at various temperatures.

there was almost no further increase in the adsorption. This was
therefore fixed as the equilibrium contact time.

The equilibrium adsorption capacity of copper(Il) ions onto DP-
bentonite for the pseudo-second-order kinetic model was found to
increase with increasing temperature from 20 to 50 °C (Fig. 7), indi-
cating that copper(ll) ions adsorption on the adsorbent was favored
at higher temperatures. This effect suggests that an explanation
of the adsorption mechanism associated with the removal of cop-
per(Il) ions onto DP-bentonite involves a temperature dependent
process.

Four kinetic model equations, i.e. the Lagergren-first-order,
pseudo-second-order, Elovich and the intraparticle diffusion, were
considered to interpret the experimental data.

The Lagergren-first-order rate expression [44] is given as

In(q1 — gr) = Inqy — kqt (8)
The pseudo-second-order kinetic model equation [45] is given

as

t 1 1

— = —— 4+ —t 9

qe kzq% q2 ( )
The Elovich equation is generally expressed as follows [46]:

d

T = arexp(—far) (10)

To simplify the Elovich equation, Chien and Clayton [47]
assumed oBt>>>1 and by applying the boundary conditions q;=0
att=0and q;=q; at t=t Eq. (10) becomes [48]:

q — l
o

The intraparticle diffusion equation [49] can be written by using

the following equation:

In(aB) + %mr (11)

qe = kpt'? +C (12)

where g and g; are the amounts of copper(Il) ions adsorbed on the
adsorbent at equilibrium and at various times t (mgg~1) and k; is
the rate constant of the Lagergren-first-order model for the adsorp-
tion process (min~1); g, is the maximum adsorption capacity
(mgg~1) for the pseudo-second-order adsorption and k; is the rate
constant of the pseudo-second-order model for the adsorption pro-
cess (gmg~! min~1); « is the initial adsorption rate (mgg~! min—1)
and B is the desorption constant (g mg~1) for Elovich equation dur-
ing any one experiment; Cis the intercept and k;, is the intraparticle
diffusion rate constant (mgg~! min~1/2). The straight-line plots of
In(q1 — q¢) versus t for the Lagergren-first-order model (figure not
shown), t/q; against t for the pseudo-second-order model (Fig. 8)
and the plots of g versus In(t) (figure not shown) for the Elovich
model for the adsorption of copper(Il) ions onto DP-bentonite have
been drawn to obtain the rate parameters.

The kinetic parameters of copper(ll) ions onto DP-bentonite
under different conditions were calculated from these plots and are
given in Table 3. It can be easily seen from Table 3, the correlation
coefficients (12 and rg2), for the Lagergren-first-order and for the
Elovich kinetic models are lower than that of the pseudo-second-
order kinetic model. They are probable, therefore, that these
adsorption systems are not followed by the Lagergren-first-order
or Elovich kinetic models, they are fitted the pseudo-second-order
kinetic model. The calculated g, values agree with experimental g
values, and also, the correlation coefficients for the pseudo-second-
order kinetic plots were very high.

The pseudo-second-order rate constants increase from
489x1072 to 9.28 x10~2gmg-'min~! with an increase in
the solution temperatures from 20 to 50°C at 100 mgdm—3
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Table 3

Kinetic parameters and the normalized standard deviations for the adsorption of copper(Il) ions onto DP-bentonite at various temperatures

Intraparticle diffusion

Pseudo-second-order Elovich

Lagergren-first-order

Co (mgdm~3)

T(°C)

2
rP

Aq (%)
1.338
1.530
1.251

C(mgg™)
37.08
4312

kp (mgg~! min~1/2)

2
rE

Aq (%)

B(gmg)
1.784
1.774
1.695
1.231
1.132

a (mgg ' min~1)

0.999 7.36 x 10%8
0.999 8.87 x 10*?

Aq (%) 12
0999 9.03 x 103!

q2 (mgg™")
40.38

k, (gmg! min—')

2
rl

¢ (mgg™') Aq(%)
1.869

1.771
1.983

kq (min—1)

0.906
0.974

0.780 0.449

0.887 0.335

0.809 0.427
0.893 0.370

0.876  0.240

1.793
1.669
1.533
1.690
2.301

0.796
0.952

0.737 4.89x 1072

3.71 x 102

100

45.93

0.672 4.67 x 102

3.12 x 102

125

0.834
0.867
0.927

43.44
44.07

1.104
1.228
2.071

0.766 4.60 x 102 46.69

3.36 x 1072

150

20

1.754
2.192

1.40 x 103

0.999 2.50 x 10%!

0.999

47.64
48.33

0.932 2.76x 102

4.55x 1072 4.568

3.24x 1072

175
200

45.09

- 0.762 1.99 x 102

3.994
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0.963
0.763
0.945

0.843
0.948
0.752

38.22
39.83
4141

0.886 0.821 0.367

0.670
0.861

2.035
3.064

5.69 x 1033

0.999
0.999 3.37 x 10°2

0.633

40.99
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1.501
0.864
0.799

3.14 x 102
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0.584
0.559

41.50
42.62
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0.642
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0.907 0.140

3.974

5.49 x 107°
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Fig. 8. Pseudo-second-order kinetic plots for the adsorption of copper(Il) ions onto
DP-bentonite at various temperatures.

(Table 3), indicating that the adsorption of copper(ll) ions onto
DP-bentonite is the rate-controlled.

The first-order, pseudo-second-order and Elovich models can-
not identify the diffusion mechanism and the kinetic results were
then subjected to analyze by the intraparticle diffusion model and it
may be the rate-controlling step. If this does occur, then the plot of
uptake, g, versus square root of time, t!/2, should be linear and if it
passes through the origin then the intraparticle diffusion will be the
sole rate-limiting process [50-53]. In this study, it was found that
the plots of q; versus t'/2 exhibited an initial linear portion followed
by a plateau which occurred after 50 min for DP-bentonite (figure
not shown). The initial curved portion of the plots seems to be due
to boundary layer adsorption and the linear portion to intraparti-
cle diffusion, with the plateau corresponding to equilibrium [53].
However, neither plot passed through the origin. This indicates that
although intraparticle diffusion was involved in the adsorption pro-
cess, it was not the rate-controlling step. Values of the intraparticle
diffusion constant, kp, were obtained from the slopes of the lin-
ear portions of the plots and are listed in Table 3. The correlation
coefficients for the intraparticle diffusion model (rg ) were between
0.763 and 0.974. These values indicate that the adsorption of cop-
per(Il) ions onto DP-bentonite may be followed by the intraparticle
diffusion up to 50 min.

The validity of used kinetic models in this study can be quanti-
tatively checked by using a normalized standard deviation Aq (%)
calculated by using the following equation [54]:

2
Aq(%) = \/Z [(Qexp - qcal)/qexp] 100 (13)

n-1

where n is the number of data points and the calculated results
are listed in Table 3. As it can be seen from Table 3, the values of
Aq (%) for the best-fit model are less than 2.072%. It is concluded
that the adsorption of copper(Il) ions onto DP-bentonite can be best
described by the pseudo-second-order kinetic model.

3.9. Suggested copper(Il) ions adsorption mechanism with
2,2'-dipyridyl-immobilized bentonite (DP-bentonite)

The immobilization agent, 2,2’-dipyridyl, was used in this
study and DP-bentonite was then examined as an adsorbent for
the adsorption copper(ll) ions from aqueous solution. Bentonite
consists of the silanol and aluminol groups. The silanol groups may
be the responsible for the immobilization of DP onto bentonite. The
results indicate that DP-bentonite can easily adsorb copper(Il) ions
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Fig. 9. The possible mechanism for the adsorption of copper(Il) ions onto DP-bentonite.

a possible mechanism by using silanol -OH groups as can be seen
from Fig. 9.

4. Conclusions

In this study, the equilibrium, thermodynamics and kinetic
parameters of copper(Il) ions onto DP-bentonite in aqueous solu-
tions was investigated. It may be concluded that DP-bentonite acts
a respective adsorbent for the removal of copper(Il) ions in aque-
ous solutions due to its high adsorption capacity. The maximum
adsorption capacity was found to be 54.07mgg-! at pH 5.7 and
50°C.

The functional groups of natural bentonite, DP-bentonite and
copper(ll)-loaded DP-bentonite were determined by using FTIR
spectrophotometer. The isoelectric point (pHpzc) of DP-bentonite
in copper(Il) ions solution was determined as 5.69.

The straight lines obtained for the Langmuir, Freundlich and
Dubinin-Radushkevich (D-R) models obey to fit to the experi-
mental equilibrium data, but the Langmuir isotherm model gives
better fittings than the Freundlich and D-R isotherm models.
The thermodynamic parameters obtained from Langmuir constant
(Kp) indicate a chemical, feasible, spontaneous and endothermic
adsorption.

The pseudo-second-order kinetic model agrees very well with
the dynamic behavior for the adsorption of copper(Il) ions onto
DP-bentonite at various temperatures. The experimental data have
also been applied to predict the rate constants of adsorption and
adsorption capacities. However, the evidence is provided that the
adsorption of copper(Il) ions onto DP-bentonite is a complex pro-
cess, so it cannot be sufficiently described by a single kinetic model
throughout the whole process. For instance, intraparticle diffusion
(up to 50min) played a significant role, however, it was not the
main rate determining step during the adsorption.

The results indicate that DP-bentonite can easily adsorb cop-
per(Il) ions by a possible mechanism. The silanol -OH groups can
be played a main role in the mechanism.
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