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This paper presents the adsorption of Pb(Il) from aqua solutions onto Unye (Turkey) bentonite in raw
(RB), acid activated (AAB) and manganese oxide-coated (MCB) forms. Adsorption of Pb(II) by RB, AAB and
MCB sample was investigated as a function of the initial Pb(Il) concentration, solution pH, ionic strength,
temperature and inorganicligand (Cl~). Changes in the surfaces and structure were characterized by means
of XRD, IR and potentiometric titration. The Langmuir monolayer adsorption capacities of RB, AAB and
MCB in 0.1 M KNOs solution were estimated as 16.70, 8.92 and 58.88 mg/g, respectively. The spontaneity
of the adsorption process is established by decrease in AG which varied from —21.60 to —28.60 k]/mol
(RB), —22.63 to —29.98 kJ/mol (AAB) and —19.57 to —26.22 (MCB) in temperature range 303-338 K.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Heavy-metal pollution occurs in many industrial wastewater
such as those produced by metal plating facilities, mining oper-
ations, battery manufacturing process, the production of paints
and pigments, and the glass production industry. Lead can enter
the human body through inhalation, skin contact or with diet, and
can produce adverse effects on virtually every system in the body.
Low levels of Pb(II) have been identified with anemia while high
levels cause severe dysfunction of the kidneys, liver, the central
and peripheral nervous system, the reproductive system, and high
blood pressure. The most severe neurological effect of lead in adults
is lead encephalopathy, which is a general term to describe var-
ious diseases that affect brain function. The lower IQ values and
other neuropsychological deficits among the children exposed to
higher lead levels have been well documented [1]. Therefore, the
heavy-metal levels in wastewater, drinking water, and water used
for agriculture should be reduced to the maximum permissible con-
centration. Several methods have been applied over the years for
the elimination of these metal ions present in industrial wastewa-
ters and soils. Conventional technologies for the removal of heavy
metal such as chemical precipitation, electrolysis, ion exchange and
reverse osmosis are often neither effective nor economical. Among
the physico-chemical treatment process adsorption is highly effec-
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tive, cheap and easy to adapt [2]. Adsorption has been proven to
be a successful method for removal of heavy metals from wastew-
ater. Activated carbon is highly effective in adsorbing heavy metals
from wastewater but high cost limits its use. Due to the high abun-
dance and their low cost, clay minerals are a strong candidate as an
adsorbent for removal of heavy metal from wastewater.

Bentonite is a natural clay mineral that is found in many places of
the world. Any clay of volcanic origin that contains montmorillonite
isreferred to as bentonite. It belongs to the 2:1 clay family, the basic
structural unit of which is composed of two tetrahedrally coordi-
nated sheets of silicon ions surrounding a sandwiched octahedrally
coordinated sheet of aluminum ions. The isomorphous substitution
of AI3* for Si** in the tetrahedral layer and Mg2* or Fe3* for AI3* in
the octahedral layer results in a net negative surface charge on the
clay [3]. Compared with other clay types, it has excellent adsorption
properties and possesses adsorption sites available within its inter-
layer space as well as on the outer surface and edges [4]. Adsorption
of metal ions onto montmorillonite appears to involve two distinct
mechanisms: (i) an ion exchange reaction at permanent-charge
sites, and (ii) formation of complexes with the surface hydroxyl
groups [5].

A composite adsorbent, manganese oxide-coated bentonite
(MCB), was proposed and studied in this research. The reason
for choosing manganese oxides is that relative to Fe or Al oxides,
manganese oxides have a higher affinity for many heavy metals
[6]. Bentonite, which has a high surface area, should provide
an efficient surface for the manganese oxide. At the same time,
the manganese oxides can improve the heavy-metal adsorption
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Nomenclature

RB raw bentonite

AAB acid activated bentonite

MCB manganese oxide-coated bentonite

m mass of adsorbent (g/1)

Qe amount of adsorbate removed from aqueous solu-
tion at equilibrium (mg/g)

Ce equilibrium concentration of the adsorbate in the
solution (mg/1)

m mass of adsorbed solute completely required to sat-
urate a unit mass of adsorbent (mg/g)

Ky constant that represents the energy or net enthalpy
of adsorption (I/mg)

Kg Freundlich constant indicative of the adsorption
capacity of the adsorbent (mg/g)

n experimental constant indicative of the adsorption
intensity of the adsorbent.

IS ionic strength

capacity of bentonite. The objective of this study is to investigate
comparative adsorption characteristics for removal of Pb(II) from
aqueous solution by the use of raw bentonite (RB), acid activated
bentonite (AAB) and manganese oxide-coated bentonite. The
influence of pH, ionic strength, ligand (CI~) and temperature on
the adsorption of Pb(II) by the RB, AAB and MCB samples was
investigated to better understand the Pb(II) adsorption process.

2. Experimental
2.1. Reagents

All reagents used were of analytical purity. Synthetic solu-
tions were prepared from concentrated stock solutions (Merck).
A stock solution of Pb(II) was prepared by dissolving required
amount of Pb(NOs3), (Merck) in double distilled water. Reagent
grade H,S0O4 (Merck) was used for acid activation. HNO3 and NaOH
were obtained from Merck and used for pH value adjustment. Other
agents used, such as NaCl, NaNO3, Na; S04, Na3PO4, MnCl, were all
of analytical grade and all solutions were prepared with double
distilled water.

RB had a mineral composition of 76% montmorillonite, 8%
quartz, 12% dolomite and 4% other minerals. Whiteness was found
to be 85%. RB was composed of 62.70% SiO,, 20.10% Al,0s, 2.16%
Fe, 03, 2.29%Ca0, 3.64% MgO, 0.27%, Na,0, 2.53% K,0, 0.21% TiOo,
P505% 0.02. The ignition loss of the RB at 1273 K was also found
to be 6.1%. The cation exchange capacity (CEC), determined with
triethanolamine-buffered BaCl, solution (c=0.1 M) followed by a
reexchange with aqueous MgCl, solution (c=0.1M), is of 0.65
mmol/g [7], and the major exchangeable cations are: Ca (57.1%),
Mg (28.8%), Na (10.5%) and K (3.8%).

2.2. Preparation and characterization of RB, AAB and MCB

2.2.1. Preparation of RB

The RB sample (from Unye, Turkey) was ground and washed
in deionized water several times at a 1:10 bentonite/water ratio.
The mixture was stirred for 3 h and then kept standing overnight,
followed by separation, washing and drying at 60 °C.

2.2.2. Preparation of AAB
20 g RB was mixed with 25 ml of 2.0 M H,S0O4 solution at 90°C,
and stirred 3 h. Afterward, the sample solution was first cooled to

room temperature, then filtered off using centrifugal separator and
washed sequentially with deionized water 3 times to remove the
ions and other residues. The resulting products were finally dried
at 105°C for 24 h, and stored in the desiccator.

2.2.3. Preparation of MCB

Manganese chloride and sodium hydroxide were mainly used
in the modification of RB to enhance the adsorption capacity of RB.
20 g of RB were immersed in sufficient 2.0 M sodium hydroxide and
temperature of the reaction mixture was maintained at 90 °C for 4 h.
The base activated RB was dispersed into 150 ml of 0.1 M MnCl,
aqueous solution. 300ml of 0.1 M NaOH aqueous solution was
added slowly with a drop rate 1 ml/h. The titration was carried out
under nitrogen flow throughout the procedure to minimize unex-
pected reactions, e.g. formation of carbonate salts. The obtained
powder was rinsed with 0.01 M HCl aqueous solution to remove the
excess Mn(OH), precipitated on the outer surface of the clay and
further washed with deionized water. The oxidation was performed
in aqueous suspension system at room temperature. The Mn(OH),
intercalated compound prepared as above was dispersed in 50 ml
of 1.5 M H, 0, basic solution and vigorously stirred. The color of the
sample immediately turned from original light color to dark brown,
indicating the oxidation of the hydroxide into oxide phase. For equi-
librium, the suspension was further stirred for 24 h. The powder
sample was washed with deionized water and dried at 60°C [8].

The mineralogical compositions of the RB and MCB samples
were determined from the X-ray diffraction (XRD) patterns of the
products taken on a Rigaku 2000 automated diffractometer using
Ni filtered Cu Ko radiation. XRD analysis of the bentonite was
performed using the three-principal lines [9]. IR spectra of the
bentonite samples were recorded in the region 4000-400cm™!
on a Mattson-1000 FTIR spectrometer at 4cm~! resolution. Sur-
face areas were measured by nitrogen adsorption at 77K using
Quantachromosorb. Moisture and gases on the solid surface or pen-
etrated in the open pores were removed by heatingat 120°Cfor24 h
prior to the surface area measurements. The values determined for
the RB, AAB and MCB were 36, 110 and 64 m?2/g, respectively.

2.3. Adsorption dependence on Pb(II) concentration

The adsorption of Pb(Il) by bentonite samples was performed
by a batch equilibrium technique at room temperature. Briefly,
0.050 g of bentonite sample and 20 ml of Pb(NOs3), solution were
added in 50ml polypropylene centrifuge tubes. Ionic strength
controlled at 0.1 M KNO3 and the pH of the system was main-
tained at 6.0. The initial Pb(Il) concentrations varied from 0.01
to 1.0mM. A 24-h contacting period was found to be sufficient
to achieve equilibrium. The samples were allowed to equilibrate
for 24h, centrifuged at 4500 x g for 20min and then filtered.
The adsorbed amounts of metals were calculated by the differ-
ence between the initial and final concentrations remaining in
the equilibrium filtrate after adsorption. All the measurements
were made in duplicate. For each sample, an experiment with-
out adsorbent was performed to test possible adsorption and/or
precipitation of metals onto the container walls. Preliminary exper-
iments showed that metal losses due to the adsorption onto
the container walls and to the filter paper were negligible. The
adsorption isotherm experiments were repeated in triplicate and
the average values were reported. Adsorbed Pb(II) was calcu-
lated from the difference between the Pb(Il) initially added to
the system and that remaining in the solution after equilibration
by a Unicam 929 model flame atomic absorption spectropho-
tometer, Pb(Il): lamp current 10 mA, wavelength 217.1 nm, slit
width 0.5 nm, optimum working range 2-10.0 pg/ml; flame type
air/acetylene, fuel flow rate 1.2 1/s. The dilutions induced by the pH
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controls were considered while computing the amount of Pb(II)
adsorbed.

2.4. Effect of ionic strength, pH, inorganic ligand and temperature

Adsorption experiments were carried out in polyethylene test
tubes at 23 4 2 °C by using the batch technique. The reaction mix-
ture consisted of a total 50 ml containing 2g/1 adsorbent and the
desired concentration of Pb(II) ions. A solution of 1.0 mM Pb(II) was
prepared from Pb(NOs ), by dissolving in deionized water. The stock
was diluted to prepare a working solution of 0.5 mM Pb(Il). The
background electrolyte solutions were 0.01, 0.05, and 0.1 M KNOs.
Solution pH was adjusted with 0.1 M HNO3 or 0.1 M NaOH, such
that the equilibrium solutions had pH values ranging from 3.0 to
6.5. Preliminary kinetic studies indicated that Pb(Il) adsorption was
characterized by a rapid initial adsorption (within 1h) followed
by a much slower, continuous uptake. A 24-h contacting period
was found to be sufficient to achieve equilibrium. The separation of
the liquid from the solid phase was achieved by centrifugation at
4500 rpm for 20 min. Pb(Il) adsorption in the presence of Cl~ was
performed by equilibrating 0.05 g of bentonite sample in 20 ml of
0.25 M KNOj3 background electrolyte, 10 ml of Pb(II) working solu-
tion, and 20 ml of a NaCl working solution (achieving 0.01 M CI~) in
50-ml polyethylene test tubes. These experiments were performed
induplicate. The temperature was varied from 303 to 338 Kata con-
stant pH of 6.0. For these experiments, 2 g/l of bentonite samples
with 20.7 mg/1 Pb (II) solutions was employed.

3. Results and discussion
3.1. Data processing

The adsorption capacity of Pb(Il) ions adsorbed per gram adsor-
bent (mg/g) was calculated using the equation

1%
QeZ(CO—Ce)E (1)
The adsorption percentage of Pb(Il) ions was calculated by the
difference of initial and final concentration using the equation

expressed as follows:

_CO—Ce
R= C

0

x 100 (2)

where qe is the equilibrium concentration of Pb(Il) on the adsorbent
(mg/g), Co the initial concentration of the Pb(II) solution (mg/1), Ce
the equilibrium concentration of the Pb(Il) solution (mg/1), m the
mass of adsorbent (g), V the volume of Pb(Il) solution (I), R the
retention of Pb(Il) in % of the added amount.

The adsorption isotherm indicates how the adsorption
molecules distribute between the liquid phase and the solid phase
when the adsorption process reaches an equilibrium state. The
analysis of the isotherm data by fitting them to different isotherm
models is an important step to find the suitable model that can
be used for design purpose. There are several isotherm equa-
tions available for analyzing experimental adsorption equilibrium
data. In this study, the equilibrium experimental data for adsorbed
Pb(II) on bentonite sample were analyzed using the Langmuir, Fre-
undlich and Dubinin-Radushkevich (D-R) isotherm models. These
isotherms are as follows:

(a) Langmuir isotherm model [10]:

Ce GCe 1
C_C, 3
de qm Kigm (3)

where Ce is equilibrium concentration of Pb(II) (mg/l) and qe
is the amount of the Pb(II) adsorbed (mg) by per unit of ben-
tonite (g). gm and K are the Langmuir constants related to the
adsorption capacity (mg/g) and the equilibrium constant (1/mg),
respectively.

(b) Freundlich isotherm model [11]:

log ge = log K¢ + (%) log Ce (4)

where Kr and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.
(c) D-R isotherm model [12-16]:

Inge = Ingm — B&? (5)

where B is the activity coefficient related to mean adsorp-
tion energy (mol?/]?) and ¢ is the Polanyi potential (¢=RT
In(1+(1/Ce)). The D-R isotherm is applied to the data obtained
from the empirical studies. The mean adsorption energy, E
(kJ/mol) is as follows:

1
R /,25

This adsorption potential is independent of the temperature, but it
varies depending on the nature of adsorbent and adsorbate.

Using the following equations, the thermodynamic parameters
of the adsorption process can be determined from the experimental
data:

E= (6)

AS AH
and = T — ﬁ (7)
AG=AH-TAS (8)
_ Y
Kq = C. (9)

where Ky is the distribution coefficient for the adsorption, AS,
AH and AG are the changes of entropy, enthalpy and the Gibbs
energy, e is the equilibrium concentration of Pb(II) on the adsor-
bent (mg/kg), T (K) is the temperature, R (Jmol~1K-1) is the gas
constant, The values of AH and AS were determined from the
slopes and intercepts of the plots of In Ky vs. 1/T.

3.2. Material characterization

The XRD patterns of RB and MCB samples were presented in
Fig. 1. For the XRD pattern of RB, one reflection was observed in the
region 2° <26 <8¢ (Fig. 1a). This corresponds to the 5.76 (20) value
from which the interlamellar distance was found to be 15.33 A. The
position of dyg1 peak of AAB sample shifted from 15.33 to 16.98 A
(Fig. 1b) which was accompained by an intensity decrease from
100 to 47% (Table 1). The XRD results also show that acid acti-
vation has caused structural changes in the AAB. Activation has
affected mainly the 001 reflection; the intensities of the 001, 003
and 060 reflections have been reduced, while the intensities of the
020 and 006 reflections have been increased significantly by the

Table 1
d-spacing and intensity values of reflections for bentonite samples
Reflection RB AAB MCB
d(A) Intensity  d (A) Intensity  d (A) Intensity
doo1 15.33 100 16.98 47 12.40 100
doos 5.05 8 5.05 11 - -
do20 442 34 448 70 447 95
dio1 - - 3.96 38 - -
doos 2.55 21 2.57 33 2.55 45
doso 1.49 13 1.50 23 1.49 34
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Fig. 1. The X-ray diffraction patterns of the RB (a), AAB (b) and MCB (c) samples (M:
montmorillonite, Q: Quartz, D: Dolomite).

acid activation process (Table 1). Acid activated sample displays
an increase of the background in the interval between 20° and 30°
due to the deposition of amorphous silica caused after the attack on
the octahedral layer and the exposure of the tetrahedral layer. Acid
activation of the RB yielded d; 1 reflection at 3.96 A (20 =22.40),
which is absent in the RB. Appearance of new reflection indicate
the formation of expansible phases and interlamellar expansion
[17].

The XRD results also show that manganese oxide modification
has caused structural changes in the MCB. The position of dg g1 peak
of MCB sample shifted from 15.33 to 12.41 A (Fig. 1c). The formation
of a new structure was illustrated by the peak appearing at 44.13 A
(260=5.12) in the XRD pattern of the MCB. This new peak situated at
lower 26 value was likely to appear because of agglomeration of the
MCB sheets [18]. Modification has affected mainly the 001 reflec-
tion; the intensities of the 020, 006 and 060 reflections have been
increased significantly by the manganese oxide modification pro-
cess (Table 1). MCB sample displays an increase of the background
in the interval between 20° and 30°. The dyq3 reflection of RB at
5.05A (20 =17.52) disappeared after modification process.

To better understand surface properties, potentiometric titra-
tions were conducted. Fig. 2 shows proton adsorption curves
performed at 0.1 M NaCl supporting electrolyte concentration for
the RB and MCB samples. As shown in Fig. 2, the point of zero charge
(pHpzc) of RB is approximately 6.8. The MCB sample behaved sim-
ilarly to MnO, where pHpzc of MCB (3.5) is close to that of MnO,

0,15

0,10 7

0,00

-0,05 -+

Surface charge (C/mz)

pH

Fig. 2. Surface charge (C/m?) vs. pH curves of bentonite samples in 0.1 M NaCl
solution, squares, RB; triangles, MCB.

(2.4) [19]. The results suggest that the pHpzc of MCB falls between
the RB and MnO, and manganese oxide modification process play
important role in surface charge behavior of the adsorbent.

Fig. 3a shows the infrared spectrum (IR) of the RB sample.
The absorption band at 3635cm™! is due to stretching vibrations
of structural OH groups of montmorillonite. The bands corre-
sponding to AIAIOH, AlIFeOH and AIMgOH bending vibrations were
observed at 936, 885 and 845 cm™!, respectively. A complex band
at 1038 cm~! is related to the stretching vibrations of Si-O groups,
while the bands at 527 and 470cm~! are due to Al-O-Si and
Si-0-Si bending vibrations, respectively. The band at 629 cm™!
was assigned to coupled Al-O and Si-O out-of-plane vibrations.
The H,O-stretching vibration was observed as a broad band at
3415cm~1. The shoulder near 3330cm™! is due to an overtone of
the bending vibration of water observed at 1651 cm~! [20,21]. The
spectrum of AAB sample (Fig. 3b), has all absorption bands char-

()
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2 (b) 1038 S K476
g 557
A
3
=
£
=
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4000 3000 2000 1000 400

Wavenumber (cm™)

Fig. 3. IR spectra of the RB (a), AAB (b) and MCB (c).
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Fig. 4. IR spectra of the RB-Pb(II) (a), AAB-Pb(II) (b) and MCB-Pb(II) (c).

acteristics of amorphous silica (1114, 808 and 476 cm~') confirms
a high degree of structural decomposition [21]. Fig. 3c shows the
IR spectrum of the MCB sample. Several absorption bands were
observed at 3445, 1635, 1384, 1126, 577 and 535 cm ™!, respectively.
The 3445 cm~! band should be attributed to the O-H stretching
vibration, and the 1625, 1348 bands are normally attributed to O-H
bending vibrations combined with Mn atoms. The broad band at
553 should be ascribed to the Mn-0 vibrations [22,23].

The IR spectra revealed the effect of Pb(II) on the Ilattice
vibrational modes of montmorillonite (Fig. 4a-c). The IR spec-
tra of Pb(Il)-saturated bentonites have shown that Pb(Il) ions
locate into the clay lattice, and also affects Si-O vibrations in the
1200-950 cm~! region [24-29]. Position of the Si-O bending vibra-
tion at 527 cm™!, due to Si-O-Al remained basically unchanged
for the Pb-RB, but some broadening and a decrease in intensity
of the Si-O-Al band were observed (Fig. 4a). More distinct change
of Si-0O-Al band, moved to 553 cm~!, broadened and decreased in
intensity was found for the Pb-AAB (Fig. 4b). The position of the
Mn-0 bond vibration at 553 cm~! remained basically unchanged
for the MCB-Pb(II) sample, but some broadening and a decrease in
intensity of this band was observed (Fig. 4c).

3.3. Adsorption isotherms and parameters

The equilibrium data for Pb(Il) adsorption on bentonite sam-
ples were fitted to Langmuir equation (Eq. (3)): an equilibrium
model able to identify the chemical mechanism involved. Lin-
ear plots of Ce/ge vs. Ce (Fig. 5) were employed to determine
the value of gm (mg/g) and K (I/mg). The data obtained with

Table 2

5017

R* = 0,999

Ce/qe (g/L)

C. (mg/L)

Fig. 5. Langmuir isotherm plots for the adsorption of Pb(Il) onto the bentonite sam-
ples, RB; triangles, AAB; circles, MCB; squares. T=303 K, initial pH 6.0, ionic strength
(IS)is 0.1 (KNO3).

the correlation coefficients (R?) was listed in Table 2. The Lang-
muir monolayer adsorption capacity (qm) gives the amount of the
metal required to occupy all the available sites per unit mass of
the sample. The Langmuir monolayer adsorption capacities of RB,
AAB and MCB in 0.1 M KNOj solution were estimated as 16.70,
8.92 and 58.88 mg/g, respectively (Table 2). The Langmuir mono-
layer adsorption capacities of those in absence of KNOs3 solution
were estimated as 64.29, 40.14 and 123.64 mg/g. As given in Sec-
tion 2.2, the BET surface areas of RB and MCB are markedly lower
than that of AAB, calculated g, values indicate that surface area
is not a crucial factor for the adsorption capacity of bentonites.
As given in Table 2, the equilibrium constant values for RB, AAB
and MCB were found to be 1.30, 1.58 and 0.59, respectively. The
equilibrium constant values (K ) suggest that the high-energy sites
with high equilibrium constant had a significantly lower affinity
than that for low-energy sites with low equilibrium constant. The
high-energy sites on which Pb(II) was tightly held had a low adsorp-
tion maximum (g, = 8.92 mg/g for ionic strength (IS)=0.1 MKNO3).
The low-energy sites on which Pb(II) were loosely held had a high
adsorption maximum (gm =58.88 mg/g for IS=0.1 M KNO3).

The adsorption capacities of the adsorbents for the removal of
Pb(II) have been compared with those of other adsorbents reported
in literature and the values of adsorption capacities have been
presented in Table 3. The values are reported in the form of mono-
layer adsorption capacity. The experimental data of the present
investigation are comparable with the reported values [29-33].
Comparison of maximum experimental adsorption capacities of
Pb(Il) for manganese oxide modified adsorbents were also given
in Table 3 [31-33]. Maximum adsorption capacity of Pb(II) for the
manganese oxide modified samples was approximately 2-4 times
higher than that of the raw material. The Pb(II) adsorption capac-
ities of diatomite and Mn-diatomite were determined as 24 and
99 mg/g, respectively [32].In another study, Wang et al. [33] studied
Mn oxide-coated carbon nanotube, for Pb(Il) removal from aque-

Langmuir and Freundlich isotherm parameters for the adsorption of Pb(Il) onto bentonite samples in 0.1 M KNOs; solution

Sample Langmuir isotherm constants Freundlich isotherm constants D-R isotherm constants

qm (mg/g) Ki (1/mg) R? n Kr ((mg/g)(1/mg)"/") R? gm (mg/g) E (kJ/mol) R?
RB 16.70 1.30 0.997 14.30 12.86 0.861 9.24 0.72 0.993
AAB 8.92 1.58 0.999 7.67 6.36 0.979 5.48 0.55 0.987
MCB 58.88 0.59 0.999 2.76 19.75 0.933 19.07 3.42 0.907
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Table 3

Adsorption results of Pb(II) ions from the literature by various adsorbents

Adsorbent Adsorption capacity Ref. No
(mg/g)

Natural bentonite 78.82 [29]

MX-80 bentonite 68.58 [14]

Montmorillonite 31.1 [30]

Manganese oxide-coated sand (303 K) 1.34 [31]

Diatomite (pH 5, 24 h) 24.0 [32]

Mn-diatomite (pH 5, 24 h) 99.0 [32]

Mn oxide-coated carbon nanotube (pH 5) 78.74 [33]

Carbon nanotube (pH 5) ~26.24 [33]

RB (IS=0) 64.29 In this study

RB (IS=0.1 M KNO3) 16.70 In this study

AAB (IS=0) 40.14 In this study

AAB (IS=0.1 M KNO3) 8.92 In this study

MCB (IS=0) 123.64 In this study

MCB (IS=0.1 M KNO3) 58.88 In this study

IS: Ionic strength (controlled by KNOs).

ous solution. They reported that the carbon nanotube adsorbed
Pb(II) with the adsorption capability of ~26.24 mg/g. The capacity
of the Mn oxide-coated carbon nanotube increased to 78.74 mg/g.
The comparison of g, value of MCB used in the present study with
those obtained in the literature shows that MCB is more effective
for this purpose (123.64 mg/g for IS=0 and 58.88 mg/g for IS=0.1).
From these observations, it appears that the surface properties of
raw bentonite could be improved upon modification of manganese
oxide as previously reported by other researchers [31-33].

The equilibrium data also fitted to Freundlich equation (Eq. (4)),
a fairly satisfactory empirical isotherm can be used for non-ideal
adsorption. The Freundlich isotherm constants Kg and n are con-
stants incorporating all factors affecting the adsorption process
such as of adsorption capacity and intensity of adsorption. The con-
stants Kr and n were calculated from Eq. (4) and Freundlich plots
(Fig. 6). The values for Freundlich constants and correlation coeffi-
cients (R?) for the different adsorbents used during the study are
also presented in Table 2. Freundlich parameters (K and n) indicate
whether the nature of adsorption is either favorable or unfavor-
able. The intercept is an indicator of adsorption capacity and the
slope is an indicator of adsorption intensity. A relatively slight slope
n « 1indicates that adsorption intensity is favorable over the entire
range of concentrations studied, while a steep slope (n>1) means
that adsorption intensity is favorable at high concentrations but
much less at lower concentrations. In the adsorption systems, n
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Fig. 6. Freundlich isotherm plots for adsorption of Pb(Il) on the bentonite samples,
RB; triangles, AAB; circles, MCB; squares. T=303K, initial pH 6.0, IS is 0.1 (KNOs).

40

3,0

2,0

Ing, (mg/g)

0,0 T T T T 1
0 2 4 6 8 10

e2x107 (I*/mol?)

Fig. 7. D-R isotherm plot for adsorption of Pb(Il) on the bentonite samples, RB;
triangles, AAB; circles, MCB; squares. T=303 K, initial pH 6.0, IS is 0.1 (KNO3).

value is n>1 which indicates that adsorption intensity is favorable
over the entire range of concentrations studied. The K¢ value of the
Freundlich equation (Table 2) also indicates that MCB has a very
high adsorption capacity for lead ions in aqueous solutions.

Aplotofln ge against €2 is given in Fig. 7. D-R isotherm constants,
(m, for RB, AAB and MCB in 0.1 M KNO3 solution were found to be
9.24, 5.48 and 19.07 mg/g, respectively (Table 2). The difference of
gm derived from the Langmuir and D-R models is large. The differ-
ence may be attributed to the different definition of g, in the two
models. In Langmuir model, gm represents the maximum adsorp-
tion of metal ions at monolayer coverage, whereas it represents
the maximum adsorption of metal ions at the total specific microp-
ore volume of the adsorbent in D-R model. Thereby, the value of qr,
derived from Langmuir model is higher than that derived from D-R
model. The differences are also reported in previous studies [ 12,14].
The magnitude of E is used for estimating the type of adsorption
mechanism. If the E value is between 8 and 16 kJ/mol, the adsorp-
tion process follows by chemical adsorption and if E <8 kJ/mol, the
adsorption process is of a physical nature [12-16]. The calculated
values of E are 0.72, 0.55 and 3.42 kJ/mol for RB, AAB and MCB,
respectively, and they are in the range of values for physical adsorp-
tion reactions. The similar results for the adsorption of Cr(III), Pb(II)
and Zn(II) were reported by earlier workers [12,16].

3.4. Effect of ionic strength, pH and inorganic ligand

The adsorption of Pb(II) onto the bentonite samples as a function
of ionic strength and pH was shown in Fig. 8a-c. The three ben-
tonite samples showed an identical behavior of increased uptake
of Pb(II) per unit mass with gradually increasing pH, and the shape
of curves dependent on the bentonite surfaces. As shown in Fig. 8a,
Pb(II) adsorption by the RB sample decreased when pH decreased.
This result suggests that the adsorptive decrease was caused by the
competition for exchange sites between H* and Pb(II) cations. At
low pH there is also a decrease in Pb(Il) adsorption with increasing
ionic strength. The adsorption curve of AAB has a similar shape as
that of RB sample (Fig. 8b). The adsorption curve for this sample
is characterized by two distinct adsorption edges. For example, the
first stage of adsorption edge commenced about 30% Pb(II) adsorp-
tion at pH ~3.0 and ended at pH ~4.0, at which about 38% of the
total Pb(II) had been adsorbed in the presence of 0.1 M KNOs. The
second stage started at pH 4.0 and continued up to pH 5.5 where
about 50% of the total Pb(II) was adsorbed. The adsorption of Pb(II)
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Fig. 8. (a). Adsorption of Pb(II) (20.7 mg/1) by RB (2 g/1) as function of pH and ionic
strength (IS) (controlled by KNOs), squares, 0.1 M; triangles, 0.05 M; circles, 0.01 M.
(b). Adsorption of Pb(II) (20.7 mg/1) by AAB (2 g/1) as function of pH and ionic strength
(IS controlled by KNO3 ), squares, 0.1 M; triangles, 0.05 M; circles, 0.01 M. (c). Adsorp-
tion of Pb(II) (20.7 mg/l) by MCB (2 g/l) as function of pH and ionic strength (IS
controlled by KNOs ), squares, 0.1 M; triangles, 0.05 M; circles, 0.01 M.
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Fig.9. Adsorption of Pb(II) (20.7 mg/1) by bentonite samples (2 g/1) as function of pH
and in the presence of Cl~ [IS is 0.1 M (KNOs)], squares, RB; triangles, AAB; circles,
MCB.

onto MCB sample as a function of ionic strength and pH was shown
in Fig. 8c. Increasing the ionic strength from 0.01 to 0.1 led to a
significant decrease in the Pb(II) adsorption. The curves shifted to
a higher pH by about 0.7-1.0 pH units when the concentration of
the background electrolyte of KNO3 increased from 0.01 to 0.1 M.
The adsorption curves for MCB are characterized by two distinct
adsorption edges. For example, in the presence of 0.1 M KNOs, the
first stage of adsorption edge commenced about 8% Pb(II) adsorp-
tion at pH ~3.0 and ended at pH ~3.8, at which about 25% of the
total Pb(Il) had been adsorbed. The second stage started at pH ~4.0
and continued up to pH 6.5 where about 48% of the total Pb(II) was
adsorbed.

The adsorption of Pb(Il) by the MCB sample was influenced
by the presence of ClI~ (Fig. 9). It is clear that aqueous speciation
influences Pb(II) adsorption in the inorganic ligand system. The
adsorbed Pb(II) in the presence of inorganic ligand (Cl~) may be
also attributed to a high specificity of the surfaces for Pb(II) relative
to ligand. The percent Pb(Il) adsorbed in the 0.01 M Cl~ systems at
pH 5.0 are 35 and 33% for the RB and AAB samples, compared to 42
and 45% at the same pH but in the absence of CI~. The percent Pb(II)
adsorbed inthe 0.1 M Cl~ system at pH 6.0 are 81% for the MCB sam-
ple, compared to 42% at the same pH but in the absence of CI~. These
results suggest that the observed Pb(II) adsorption behavior in the
bentonite suspensions is influenced by both aqueous speciation and
surface ligand complexation of Pb(II) ions. The increased amount
of adsorbed Pb(II) can be explained in terms of solution chemistry.
Because, Pb-Cl, PbOH-CI complexes are the dominate Pb(II) species
in the presence of 0.01 M CI~. Thus, the specifically adsorbed ligand
enhances Pb(II) retention by the surface complexation of Pb(II).

3.5. Thermodynamic studies

AG, AH° and AS° were evaluated for RB, AAB and MCB as
—21.60kJ/mol (at 303 K), 39 k]J/mol and 200]/mol K, —22.63 k]/mol
(at 303 K), 41 kJ/mol and 210]/mol K and —19.57 k]/mol (at 303 K),
38 kJ/mol and 190 ]/mol K, respectively. The negative values for the
Gibbs free energy change, AG, show that the adsorption process for
the bentonite sample is spontaneous and the degree of spontane-
ity of the reaction increases with increasing temperature (Table 4).
The increase in adsorption with temperature may be attributed to
either increase in the number of active surface sites available for
adsorption on the adsorbent or the desolvation of the adsorbing
species and the decrease in the thickness of the boundary layer sur-
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Table 4

Thermodynamic parameters for the adsorption of Pb(II) onto bentonite samples

Sample AH (kJ/mol) AS (J/molK) AG (kJ/mol) R?
303 BiIS) 33 338

RB 39 200 —21.60 -23.60 -25.60 —28.60 0.998

AAB 41 210 —22.63 —24.73 —26.83 —29.98 0.997

MCB 38 190 -19.57 —-21.47 —-23.37 —26.22 0.996

rounding the adsorbent with temperature, so that the mass transfer
resistance of adsorbate in the boundary layer decreases (Table 4).
These positive values of AH indicate the endothermic behavior
of the adsorption reaction of Pb(II) ions and suggest that a large
amount of heat is consumed to transfer the Pb(II) ions from aque-
ous into the solid phase. As was suggested by Nunes and Airoldi
[34], the transition metal ions must give up a larger share of their
hydration water before they could enter the smaller cavities. Such
arelease of water from the divalent cations would result in positive
values of AS. This mechanism of the adsorption of Pb(II) ions is also
supported by the positive values of AS, which show that Pb(II) ions
are less hydrated in the bentonite layers than in the aqueous solu-
tion. Also, the positive value of AS indicates the increased disorder
in the system with changes in the hydration of the adsorbing Pb(II)
cations.

Similar results are reported by Sari et al. [12] who also calcu-
lated that Gibbs free energy of Pb(Il) adsorption on Celtek clay as
—20.01, —19.90, —19.64 and —18.20k]/mol for the temperature of
293, 303, 313 and 323K, respectively. Xu et al. [14] have found on
adsorption of Pb(II) on MX-80 bentonite the temperature range of
291-328 K with AG increasing from —16.69 to —16.57 kJ/mol. Han
etal.[31] have found that AH°, AS° and AG° for adsorption of Pb(II)
on manganese oxide-coated sand are 18.2 kJ/mol, 117 J/K mol and
—16.2 kJ/mol, respectively. Naseem and Tahir [35] have reported
that AH°, AS° and AG° for adsorption of Pb(Il) on bentonite have
values of 31.74 kJ/mol, 176]/molK and —56.67 kJ/mol, respectively.
Donat et al. [36] have found that AH°, AS° and AG for Pb(II) adsorp-
tion on natural bentonite were reported as 26.24 kJ/mol, 133.15J/K
mol and —38.99 kJ/mol (at 293 K), respectively.

3.6. The adsorption mechanism of Pb(Il)

In view of the fact pointed above, it is evident that manganese
oxide modification enhanced the adsorption of Pb(II) significantly.
It may be explained by considering the coordinative environments
of lead ions and surface hydroxyl groups in hydrated surfaces. Sur-
face hydroxyls may be present as bridging and terminal groups and
metal centers may be coordinated with two or more hydroxyls.
These differing configurations will give rise to terminal hydroxyl
of different acidity [37]. Xu et al. [38] have provided evidence
about mechanism of Pb(II) adsorption on amorphous hydrous Mn
oxide sample. Pb(II) ions form mononuclear cornersharing surface
complexes on both amorphous and crystalline Mn oxides. EXAFS
analysis of Pb(Il)-sorbed amorphous hydrous Mn oxide sample
revealed that Pb(II) ions form mononuclear bidentate surface com-
plexes.

4. Conclusions

¢ The adsorption of Pb(II) by bentonite samples was influenced by
pH, ionic strength, and the presence of Cl~. The adsorption of
Pb(Il) depends upon the nature of the adsorbent surface and the
species distribution of Pb(II) in solution, which mainly depends
on the pH of the system.

¢ IR spectroscopy showed that structural modification of tetra-
hedral sheets due to the presence of Pb(Il) cations either in
hexagonal holes and/or in the previously vacant octahedral sites
induced changes in the Si-O vibration modes. The position and
shape of the structural OH stretching bands in the IR spectra of
bentonite samples was influenced by the lead cations. The find-
ings require confirmation by direct methods such as extended
X-ray absorption fine structure (EXAFS).
¢ The values of the adsorption coefficients indicate the favorable
nature of adsorption of Pb(II) on the MCB. From the values of Lang-
muir monolayer capacity, qm, it is concluded that the treatment
with manganese oxide does increase the number of adsorption
sites to a large extent, and the treatment also influences the
strength of the existing sites as revealed by the adsorption equi-
librium constant (K ) data. The adsorption equilibrium constant
(Kr1) of RB was higher than that of MCB. Therefore, MCB not only
had a higher overall adsorption capacity than that of RB, but it
also contained sites with lower binding energy for Pb(II).
The effect of ionic strength on Pb(II) adsorption may be explained
by the formation of outer-sphere complexes since K* in the back-
ground electrolyte could compete with the lead ions adsorbed on
the outer-sphere adsorption sites and reduced the adsorption.
¢ The endothermic nature of the processes can be explained by the
partial dehydration of Pb(II) before its adsorption on the ben-
tonite samples.
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