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Abstract

This paper presents the adsorption of Cu(Il) from aqueous solution on modified Unye bentonite. Adsorption of Cu(II) by manganase oxide
modified bentonite (MMB) sample was investigated as a function of the initial Cu(II) concentration, solution pH, ionic strength, temperature and
inorganic ligands (C1~, SO,4>~, HPO4>~). Changes in the surfaces and structure were characterized using X-ray diffraction (XRD), infrared (IR)
spectroscopy, N, gas adsorption and potentiometric titration data. The adsorption properties of raw bentonite (RB) were further improved by
modification with manganese oxide. Langmuir monolayer adsorption capacity of the MMB (105.38 mg/g) was found greater than that of the raw
bentonite (42.41 mg/g). The spontaneity of the adsorption process is established by decrease in AG which varied from —4.68 to —5.10kJ mol~!
in temperature range 303-313 K. The high performance exhibited by MMB was attributed to increased surface area and higher negative surface

charge after modification.
© 2008 Elsevier B.V. All rights reserved.
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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. Although a
limit of 2 mg/L was proposed by the World Health Organization
as the provisional guideline value for copper content of drinking
water, intake of excessively large doses of copper by man leads
to severe mucosal irritation and corrosion, widespread capillary
damage, hepatic and renal damage and central nervous system
irritation followed by depression. Severe gastrointestinal irrita-
tion and possible necrotic changes in the liver and kidney could
occur [1].

Conventional technologies for the removal of heavy metal
such as chemical precipitation, electrolysis, ion exchange and
reverse osmosis are often neither effective nor economical [2,3].
Among the physico-chemical treatment process adsorption is
highly effective, cheap and easy to adapt [4]. Adsorption has
been proven to be a successful method for removal of heavy
metals from wastewater. Activated carbon is highly effective in
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adsorbing heavy metals from wastewater but high cost limits its
use [5,6]. The abundance of clay minerals and their low cost are
a strong candidate as an adsorbent for removal of heavy metal
from wastewater.

Any clay of volcanic origin that contains montmorillonite is
referred to as bentonite. It belongs to the 2:1 clay family, the
basic structural unit of which is composed of two tetrahedrally
coordinated sheets of silicon ions surrounding a sandwiched
octahedrally coordinated sheet of aluminum ions [7]. Compared
with other clay types, it has excellent adsorption properties and
possesses adsorption sites available within its interlayer space
as well as on the outer surface and edges [8—10]. Infrared (IR)
spectroscopy has significantly contributed to the understanding
of the structure, bonding, and reactivity of clay minerals [11-17].

Solid separation and sludge management after the metal
adsorption on oxides is difficult, because the oxides are usually
in colloidal forms. One possible solution to this problem is to
prepare a modified adsorbent that can be used in an adsorption
process. Modified adsorbents of this type include manganese
oxide coated zeolite [18], manganese oxide coated sand [19],
and iron oxide coated clay [20,21].

A composite adsorbent, manganese oxide coated bentonite
(MMB), was proposed and studied in this research. The rea-
son for choosing manganese oxides is that relative to Fe or Al
oxides, manganese oxides have a higher affinity for many heavy
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Nomenclature

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

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

K1 constant that represents the energy or net enthalpy
of adsorption (L/mg)

m mass of adsorbent (g/L)

MMB manganese oxide modified bentonite

n experimental constant indicative of the adsorption
intensity of the adsorbent

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

Gdm mass of adsorbed solute completely required to
saturate a unit mass of adsorbent (mg/g)

RB raw bentonite

metals [22]. In fact, several investigators have suggested appli-
cations for manganese oxides in water and wastewater treatment
[22-25]. Bentonite, which has a high surface area, should pro-
vide an efficient surface for the manganese oxide. At the same
time, the manganese oxides can improve the metal adsorption
capacity of bentonite. MMB was examined in batch experiments
for the removal of Cu(Il) from aqueous solution (i.e. simu-
lated wastewaters) in order to examine whether this separation
technique may improve bentonite performance as a Cu(II) adsor-
bent. The influence of pH, ionic strength, ligands (C1~, SO42_,
HPO4>~) and temperature on the adsorption of Cu(Il) by the
RB and MMB samples was investigated to better understand the
Cu(II) adsorption process.

2. Experimental
2.1. Materials

2.1.1. Preparation of RB

The bentonite sample (from Unye, Turkey) was grounded
and washed in deionized water several times at a 1:10 ben-
tonite/water ratio. The mixture was stirred for 3 h and then kept
standing overnight, followed by separation, washing and drying
at 60 °C. RB had a mineral composition of 76% montmorillonite,
8% quartz, 12% dolomite and 4% other minerals. RB was com-
posed of 62.70% SiO,, 20.10% Al,O3, 2.16% Fe;03, 2.29%
CaO, 3.64% MgO, 0.27% NayO, 2.53% K,0. Some physic-
ochemical properties of the RB can be given as particle size
<32 pm, pH 6.0-7.5, cation exchange capacity 0.35 mmol/g,
point of zero charge (pHpzc) about 6.8.

2.1.2. Preparation of MMB

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 main-
tained at 90 °C for 4h. The RB was dispersed into 150 mL of

0.1 M MnCl, aqueous solution. 300 mL 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 unexpected reactions, e.g. formation of carbonate
salts. The obtained powder was rinsed with 0.01 M HCI 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,O; 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 equilibrium, the suspen-
sion was further stirred for 24 h. The powder sample was washed
with deionized water and dried at 60 °C [26].

2.2. Methods

2.2.1. Characterization procedures

The mineralogical compositions of the RB and MMB sam-
ples were determined from the X-ray diffraction (XRD) patterns
of the products taken on a Rigaku 2000 automated diffrac-
tometer using Ni filtered Cu Ka radiation. XRD analysis of
the bentonite was performed using the three-principal lines
[27]. IR spectra of the bentonite samples were recorded in the
region 4000—400cm™! on a Mattson-1000 FTIR spectrometer
at4 cm~! resolution. A Tri Star 3000 (Micromeritics, USA) sur-
face analyzer was used to measure nitrogen adsorption isotherm
at 77 K in the range of relative pressure 107° to 1. Before mea-
surement, the sample was degassed at 300 °C for 2 h. The surface
areas were calculated by the BET (Brunauer—-Emmett—Teller)
method. The BET surface area (Sggr), external surface area
(including only mesopores Sex:), micropores surface area
(Smic.), total pore volume (V}) and average pore diameter (D))
results obtained by applying the BET equation to N> adsorp-
tion at 77 K and Barret-Joymer—Halenda (BJH) equation to N»
adsorption at 77 K are listed in Table 1.

2.2.2. Cu(Il) adsorption procedures

Adsorption experiments were carried out in polyethylene test
tubes at 23 &2 °C by using the batch technique. The reaction
mixture consisted of a total 50 mL containing 2 g/L. adsorbent
and the desired concentration of Cu(Il) ions. All reagents used
were of analytical grade. Cu(Il) adsorption studies were fol-
lowed as described by Sarkar et al. [28,29]. A solution of 1.0 mM
Cu(Il) was prepared from Cu(NO3)>-5H>O by dissolving in
deionised water. The stock was diluted to prepare a working
solution of 0.5 mM Cu(II). The background electrolyte solutions

Table 1
Porous structure parameters of the RB and MMB samples

Sample Sggr (mzlg) Sext®  Smic. Vi (Cm3/g> Vmic.  Vimeso. pr (nm)

RB 36.17 19.86 16.30 0.07
MMB  63.70 36.80 26.90 0.08

0.008 0.067 8.11
0.013 0.067 5.30

a -
Sext - Smeso.

b 4V/A by BET.
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were 0.02, 0.05, and 0.1 M KNO3;. 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 Cu(Il) adsorption was character-
ized 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 centrifu-
gation at 4500 rpm for 20 min. Adsorbed Cu(Il) was calculated
from the difference between the Cu(Il) initially added to the sys-
tem and that remaining in the solution after equilibration by a
Unicam 929 model flame atomic absorption spectrophotometer.
The dilutions induced by the pH controls were considered while
computing the amount of Cu(Il) adsorbed. Cu(Il) adsorption
in the presence of C1~, SO42~, and HPO4>~ was performed by
equilibrating 0.05 g of bentonite in 20 mL of 0.25 M KNO3 back-
ground electrolyte, 10 mL of Cu(II) working solution, and 20 mL
of a NaCl, Na;SOq, or a NaHPO4 working solution (achiev-
ing 0.01M CI~, 0.01 M SO4%~, or 0.01 M HPO4") in 50-mL
polyethylene test tubes. These experiments were performed in
duplicate.

3. Results and discussion
3.1. Adsorbent characterization

3.1.1. XRD studies

The XRD patterns of RB and MMB samples were presented
inFig. 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
(260) value from which the interlamellar distance was found to be
15.33 A. The position of dg o | peak of MMB sample shifted from
15.33to 12.41 A (Fig. 1B). The formation of a new structure was

0 (20.879)

D(23.529)

Intensity

M (5.760)

M (20.080)

20 40 60

Fig. 1. The XRD patterns of the RB (A) and MMB (B) samples (M: montmo-
rillonite, D: Dolomite, Q: quartz).
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Fig. 2. Surface charge (C/m?) vs. pH curves of bentonite samples in 0.1 M NaCl
solution, squares, RB; triangles, MMB.

illustrated by the peak appearing at 5.12° (26) in the XRD pattern
of the MMB. This new peak situated at lower 20 value was likely
to appear because of agglomeration of the MMB sheets [30]. The
XRD pattern of the MMB indicated that the MnO, saturation
caused changing in unit cell dimensions.

3.1.2. Proton adsorption studies

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 MMB samples. As shown in Fig. 2, the pHpzc
of RB is approximately 6.8. The MMB sample behaved simi-
larly to MnO, where pHpzc of MMB (3.5) is close to that of
MnO; (2.4) [31]. The results suggest that the pHpzc of MMB
falls between the RB and MnO, and MnO;-modification process
plays important role in surface charge behavior of the adsorbent.

3.1.3. IR studies

Fig. 3a shows the infrared spectrum (IR) of the RB sample.
The absorption band at 3635 cm™! is due to stretching vibrations
of structural OH groups of montmorillonite. The bands corre-
sponding to AIAIOH, AlFeOH and AIMgOH bending vibrations
were observed at 936, 885 and 845 cm™!, respectively. A com-
plex band at 1038 cm™! is related to the stretching vibrations
of Si—O groups, while the bands at 527 and 470 cm™! are due
to Al-O-Si and Si—O-Si bending vibrations, respectively. The
band at 629 cm ™! was assigned to coupled Al-O and Si-O out-
of-plane vibrations. The HyO-stretching vibration was observed
as a broad band at 3415 cm™!. The shoulder near 3330 cm™! is
due to an overtone of the bending vibration of water observed
at 1651 cm™! [32]. Fig. 3b shows the IR spectrum of the MMB
sample. Several absorption bands were observed at 3445, 1635,
1384, 1126, 577 and 535cm™!, respectively. The 3445cm™!
band should be attributed to the O—H stretching vibration, and
the 1625, 1348 bands are normally attributed to O-H bend-
ing vibrations combined with Mn atoms. The broad bands at
553 and 476 cm™! should be ascribed to the Mn—O vibrations
[32,33]. Detailed analysis of IR spectra in the whole spectral
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Fig. 3. IR spectra of the RB (a), MMB (b), and MMB-Cu(Il) (c).

region (4000-400cm™") can be used for discern of the loca-
tion of Cu(Il) cations [12,14]. The structural modifications of
surface due to the adsorbed Cu(Il) cations influence the fun-
damental vibrations of OH groups (Fig. 3c). For example, the
stretching OH band was shifted up to 3668 cm~! and, moreover,
new bands appeared near 3591 and 3460 cm™! in the spectrum
of MMB—-Cu(II) sample. The IR spectrum of the MMB-Cu(II)
sample showed a strong band of water near 3400, due to the
overlapping asymmetric v3 and symmetric v; (H-O-H) stretch-
ing vibrations. The absorption band near 1635cm™! is due to
the v, (H-O-H) bending vibration. The band of MMB—-Cu(II) at
3310cm™! may ascribe to an overtone (2v;) of the bending mode
[34]. The broad band near 1038 em~ L, assigned to complex
Si—O stretching vibrations in the tetrahedral sheet. The position
of the Mn—O bond vibration at 553 cm™! remained basically
unchanged for the MMB-Cu(Il) sample, but some broadening
and a decrease in intensity of this band was observed.

3.2. Adsorption of Cu(ll) by MMB sample

3.2.1. Adsorption model

The Langmuir and Freundlich isotherm models were applied
to the experimental data (Figs. 4 and 5). The data conform the
linear form of Langmuir model (Eq. (1)) [35] expressed below:
C. Ce 1

_Cey M
qe dm KLgm

where C. is equilibrium concentration of Cu(Il) (mg/L) and g,
is the amount of the Cu®* adsorbed (mg) by per unit of ben-
tonite (g). gm and Ky, are the Langmuir constants related to the

6,0 4

5,04

4,04

3,04

2,04

Fug
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0 100 200 300 400 500 600
C. (mg/L)

Fig. 4. Langmuirisotherm plot for the adsorption of Cu?* onto the MMB sample.
T=295.15K, initial pH 6.0, m=2 g/L.

adsorption capacity (mg/g) and the equilibrium constant (L/g),
respectively. The Langmuir monolayer adsorption capacity (g )
gives the amount of the metal required to occupy all the avail-
able sites per unit mass of the sample. The Langmuir monolayer
adsorption capacities of RB and MMB were estimated as 42.41
and 105.38 mg/g, respectively (Table 2). The value of maximum
adsorption capacity (g ) calculated from the Langmuir isotherm
in this study is much higher than that of those reported in the
literature. For example, adsorption of Cu(Il) at 308 K on waste
iron oxide follows the Langmuir isotherm model with an adsorp-
tion capacity of 14.10 mg/g [36]. Amarasinghe and William [37]
have reported a Langmuir monolayer capacity, gn, of 48 mg/g at
for Cu(II) adsorption on tea waste. Langmuir adsorption capacity
for Cu(Il) adsorption on shells of lentil, wheat, and rice has been
shown to be 8.97, 16.07 and 2.31 mg/g, respectively, by Aydin et
al. [38]. The uptake of Cu(Il) on spent activated clay has Lang-
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Fig. 5. Freundlich isotherm plot for adsorption of Cu>* on the MMB sample.
T=295.15K, initial pH 6.0, m=2g/L.
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Table 2

Langmuir and Freundlich isotherm parameters for the adsorption of Cu?* onto bentonite samples

Sample Langmuir isotherm constants Freundlich isotherm constants D-R isotherm constants
m (mg/g) K (L/g) R n K; R gm (mg/g) E (kJ/mol) R
RB 42.41 0.20 0.992 2.38 8.77 0.990 6.55 0.75 0.842
MMB 105.38 0.08 0.980 2.28 6.69 0.994 12.16 2.24 0.969
muir monolayer capacity gm = 13.2 mg/g at pH 6.0 [39]. Ok et al. 4,0
[40] reported that the Langmuir adsorption capacity for Cu(II)
on zeolite was found as 23.25 mg/g. As given in Table 2, the
equilibrium constant Ky 1 (RB) value was much higher than Kj »
(MMB). The high-energy sites with high equilibrium constant 2.0 -
(Kr1) had a significantly lower affinity than that for low-energy "
sites with low equilibrium constant (K7 2). The high-energy sites
on which Cu(II) was tightly held had a low adsorption maximum @
(gm.1)- The low energy sites on which Cu(Il) were loosely held g
had a high adsorption maximum (g 2). g D‘OO I o i
The adsorption equilibrium data was also applied to the Fre- = -
undlich model (Eq. (2)) [41] given below:
1 _2 0 .
log g = log K¢ + ” log Ce 2) ’
where Kr and n are Freundlich constants related to adsorp-
tion capacity and adsorption intensity, respectively. Freundlich gomn
4,0 4 € (J7/mol)

parameters (Kr and n) indicate whether the nature of adsorption
is either favorable or unfavorable. The intercept is an indicator
of adsorption capacity and the slope is an indicator of adsorption
intensity. A relatively slight slope n < 1 indicates that adsorp-
tion intensity is good (or favorable) over the entire range of
concentrations studied, while a steep slope (n> 1) means that
adsorption intensity is good (or favorable) at high concentra-
tions but much less at lower concentrations. A high value of the
intercept, K, is indicative of a high adsorption capacity. In the
adsorption system, n value is 2.28 which indicates that adsorp-
tion intensity is good (or favorable) over the entire range of
concentrations studied. The Kr value of the Freundlich equation
(Table 2) also indicates that MMB has a very high adsorption
capacity for copper ions in aqueous solutions.

The equilibrium data were also applied to the
Dubinin—Radushkevich (D-R) isotherm model to deter-
mine if adsorption occurred by physical or chemical processes.
The linearized form of the D-R isotherm [42—46] is as follows:

Inge =Ingm — ,382 3

where B is the activity coefficient related to mean adsorp-
tion energy (mol/J?) and e is the Polanyi potential
(e=RTIn(1 + (1/C))). The D-R isotherm is applied to the data
obtained from the empirical studies. A plot of In g, against & is
given in Fig. 6. D-R isotherm constants, ¢,, for RB and MMB
were found to be 6.55 and 12.16 mg/g, respectively (Table 2).
The difference of gy, derived from the Langmuir and D-R mod-
els is large. The difference may be attributed to the different
definition of ¢y, in the two models. In Langmuir model, g, rep-
resents the maximum adsorption of metal ions at monolayer
coverage, whereas it represents the maximum adsorption of

Fig. 6. D-R isotherm plot for adsorption of Cu?>* on the MMB sample.
T=295.15K, initial pH 6.0, m=2 g/L.

metal ions at the total specific micropore volume of the adsorbent
in D-R model. Thereby, the value of gy, derived from Lang-
muir model is higher than that derived from D-R model. The
differences are also reported in previous studies [42,44] (Fig. 7).

Retention (%)

0 T T T T 1
30 4.0 5,0 6,0 7,0
pH

Fig. 7. Adsorption of Cu(Il) (6.4 mg/L) by MMB (2 g/L) as function of pH and
ionic strength (controlled by KNOs), squares, 1.0 M; diamond-shaped, 0.1 M;
triangles, 0.05 M; circles, 0.02 M.
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The mean adsorption energy, E (kJ/mol) is as follows:

1
E=— 4
NeT @

This adsorption potential is independent of the temperature,
but it varies depending on the nature of adsorbent and adsorbate.
The magnitude of E is used for estimating the type of adsorp-
tion mechanism. If the E value is between 8 and 16 kJ/mol,
the adsorption process follows by chemical adsorption and if
E <8kJ/mol, the adsorption process is of a physical nature
[42—46]. The calculated values of E are 0.75 and 2.24 kJ/mol
for RB and MMB, respectively, and they are in the range of val-
ues for physical adsorption reactions. The similar results for the
adsorption of Cr(IIl), Pb(Il) and Zn(II) were reported by earlier
workers [42,46].

The pH of the solution at the end of experiments was observed
to be decreased after adsorption by MMB. This result indicated
that the mechanism by means of which Cu(II) ion was adsorbed
onto MMB perhaps involved an exchange reaction of Cu** with
H* on the surface and surface complex formation. According to
the principle of ion-exchange, the more metal ions is adsorbed
onto MMB, the more hydrogen ions are released, thus the pH
value was decreased. The hydrogen ion sources are most likely
the hydroxyl groups in the MMB. Based on the above analysis, it
is considered that the inner-sphere complexation model should
be the dominating adsorption mechanism for Cu(Il) onto the
MMB.

The complex reactions of Cu?* with MMB may be written
as follows (S: MMB surface):

S-OH + Cu’* — (S-0-Cu)™ +H" 6))
S-0~ +Cu*T — (S-0-Cu)* (6)
2(S-OH) + Cu’** — (S-0),Cu + 2H* @)
2(S-07) 4 Cu** - (5-0),—Cu 8)
S-OH + Cu’* +H,0 — S-OCuOH + 2H* )

3.2.2. Effect of ionic strength and pH

The adsorption of Cu(II) onto the bentonite samples as a func-
tion of ionic strength and pH was shown in Fig. 6. The Cu(Il)
removal by MMB was observed over a range of initial pH val-
ues between 3 and 6.5. The percent of copper removal by MMB
increases with increasing initial solution pH. The adsorption
curves for MMB are characterized by two distinct adsorption
edges. For example, in the presence of 0.1 M KNOg, the first
stage of adsorption edge commenced about 6% Cu(Il) adsorp-
tion at pH~ 3.0 and ended at pH ~ 4.5, at which about 22%
of the total Cu(Il) had been adsorbed. The second stage started
at pH 4.9 and continued up to pH 6.5 where about 48% of the
total Cu(Il) was adsorbed. The influence of initial pH on Cu(I)
removal may be explained as follows: in the acidic condition,
both the adsorbent and the adsorbate are positively charged and
therefore, the net interaction is that of electrostatic repulsion.
Besides, the higher concentration of H* ions present in the reac-
tion mixture competes with the positively charged Cu(Il) ions for
the surface adsorbing sites, resulting in a decrease in the removal

of Cu(Il). Effects of ionic strength showed a little effect on Cu(Il)
adsorption on the MMB. The effect of ionic strength on Cu(I)
adsorption may be explained by the formation of inner-sphere
complexes since K* in the background electrolyte could not
compete with the Cu(II) adsorbed on the inner-sphere adsorp-
tion sites. Similar observations were made for Cu(II) adsorption
on oxide surfaces [28,29]. The adsorption data tend to support an
inner-sphere Cu(II) adsorption mechanism [28,29]. The effect
of ionic strength of the medium provided little competition for
Cu(II) adsorption by MMB but had strong effect on the adsorp-
tion of Cu(II) by smectite group clay minerals [15,47-50]. Cu(II)
adsorption by these minerals was considered to be primarily
due to coulombic attraction of the Cu(Il) by permanent nega-
tive charges on the minerals. For this reason, Cu(II) adsorption
by these minerals was strongly influenced by the ionic strength
of solution. Because the presence of the permanent negative
charges originates a net negative potential at the edges, they
change their effective affinity of edge groups for cations when
the ionic strength is changed [51]. Boonfueng et al. [31] showed
that the manganese oxide coated montmorillonite resulted in
a poorly crystalline oxide. For the manganese oxide coated
montmorillonite, the overall surface properties of the system
were consistent with its discrete oxide counterparts. The greater
adsorption of the Cu(Il) by the MMB was most likely due to
the above mentioned differences in the adsorption mechanism
of smectite group clay minerals and MMB.

3.2.3. Effect of inorganic ligands

The XRD patterns of end members of MMB-Cu(I)-ligand
systems are shown in Fig. 8 and the details of the reflection
positions and intensities are reported in Table 3. Several reflec-
tions were observed in the region 2° <26 <20° for the pattern
of the MMB-Cu(Il) system. One reflection situated at 7.12°
(260) corresponds to the basal space of montmorillonite, the
other reflections situated at a lower 20 values are likely to
appear because of the agglomeration of clay sheets [30,52]. This
resulted in the formation of a porous structure with 18.09 A. The
position of basal spacing peak of binary MMB—Cu(Il) system
essentially remained the same and it was also accompanied by an
intensity decrease from 100 to 24% (Table 3). This finding shows
that the basic structure of MMB was changed during the Cu(II)
adsorption. The XRD pattern of the ternary MMB-Cu(II)-Cl
system shows poor crystallinity, broad and less intense peaks
compared to the MMB. The intensity loses in MMB-Cu(II)-Cl
system is approximately 1.07-fold lower than in the MMB mate-
rial counterparts. The disappearence of the porous structure in
the presence of C1~ ligand may be explained by disaggregation
of the clay lamellar packages by suspending them in water. In the
presence of SO42~ and HPO42~ ligands, the porous structure of
MMB, destroyed in the presence of C1™ ligand, was reappeared,
as shown by the shoulder appearing at a low 20 value. However,
d-spacing determined from the position of the shoulder is bigger
than that of the MMB. The reappearance of the porous structure
indicated that these ligands are responsible for agglomeration.

The adsorption of Cu(Il) by the MMB sample was influenced
by the presence of CI, S042~ and HPO42~ (Fig. 9). It is clear
that aqueous speciation influences Cu(II) adsorption in the inor-
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Table 3
d-Spacing and relative intensity for different MMB-Cu(Il)-ligand systems
MMB

d&) 4413 1724 12.40 4.47 3.77

Iy 2 2 100 95 14 5
MMB-Cu

d(A) 30.55 18.09 12.39 4.45 3.79

Iy 6 5 24 100 12 10
MMB-Cu-Cl

d(A) 25.66 - 12.40 447 3.79

Iy 2 - 60 100 14 11
MMB-Cu-SO4

d(A) 41.86 20.43 12.26 4.47 3.78

Iy 2 2 77 100 20 12
MMB-Cu—POy4

d(A) 42.44 21.22 12.40 448 3.79

Iy 10 9 43 100 18 11

3.58

3.46

3.46

3.45

3.47

3.22 3.12 2.89 2.55 2.16 1.68 1.49

8 12 2 46 5 5 34

3.23 3.12 2.90 2.57 221 1.68 1.49
21 3 8 63 2 14 38

3.24 3.14 291 2.56 2.16 1.68 1.49
14 11 3 49 7 6 29

3.22 3.12 2.89 2.53 2.20 1.68 1.49
39 28 5 41 8 12 39

322 3.16 2.90 2.56 2.23 1.69 1.49
16 8 8 61 6 12 37

ganic ligand systems. The adsorbed Cu(Il) in the presence of
inorganic ligands may be also attributed to a high specifity of
the surfaces for Cu(Il) relative to ligands. The percent Cu(Il)
adsorbed in the 0.01 M CI™ systems at pH 6.0 are 33% for
the MMB sample, compared to 39% at the same pH but in the
absence of CI™. The decreased amount of adsorbed Cu(Il) can
be explained in terms of solution chemistry. Because, CuCl*,
CuCl,, CuCl3~, CuCls?~, CuOH-CI and Cu(OH); complexes
are the dominate Cu(II) species in the presence of 0.01 M CI™.
The chloride ion effectively decreases the degree of hydrolysis
of Cu(Il) ion by blocking some of the co-ordination positions.
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Fig. 8. The XRD patterns of the MMB—Cu(Il) (A), MMB-Cu(II)-Cl (B),
MMB-Cu(II)-SO4 (C) and MMB-Cu(II)-HPO4 (D) systems (M: montmoril-
lonite, D: Dolomite, Q: quartz).

Also, the reduction in Cu(II) adsorption on the MMB sample in
the presence 0.01 M C1~ might be due to chloride ion compe-
tition with the various Cu(II) species for adsorption sites {e.g.
[XOH*-CI~]}. Fig. 9 also showed that the retention of Cu(Il)
by MMB surface was enhanced in the presence of other inor-
ganic ligands (0.01 M SO43~ and HPO42 ™). This result suggests
that the observed Cu(Il) adsorption behavior in the MMB sus-
pensions is influenced by both aqueous speciation and surface
ligand complexation of Cu(Il) ions. The specifically adsorbed
ligand enhances Cu(II) retention by the surface complexation of
Cu(II).

3.2.4. Thermodynamic studies

Using the following equations, the thermodynamic param-
eters of the adsorption process were determined from the
experimental data:

k. AS_AH 10,
nKy=—— —
=R T RT
75 1
60
E 451
8§
5
[ 7}
[~
0 T T T 1
3,0 4,0 5,0 6,0 7.0

pH

Fig. 9. Adsorption of Cu(Il) (6.4 mg/L) by MMB (2 g/L) as function of pH and
in the presence of C1~, SO4%~, and HPO42~ [ionic strength is 0.1 M (KNO3);
circles, HPO42*; squares, SO42’; triangles, C17].
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AG =AH —-TAS (11
de

Kq=— 12

4= (12)

where Kj is the distribution coefficient for the adsorption, AS,
AH and AG are the changes of entropy, enthalpy and the Gibbs
energy, T (K) is the temperature, R (Jmol~! K1) is the gas
constant. The values of AH and AS were determined from the
slopes and intercepts of the plots of In Kq vs. 1/T (not showed).

The negative values for the Gibbs free energy change, AG,
show that the adsorption process for the two bentonite samples
is spontaneous and the degree of spontaneity of the reaction
increases with increasing temperature. The increase in adsorp-
tion 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 surrounding the
adsorbent with temperature, so that the mass transfer resistance
of adsorbate in the boundary layer decreases. The values of AG
are less negative for the MMB suggesting that the adsorption
process for this material is more spontaneous. These results sug-
gest that the internal domains of this sample are more suitable
environments for Cu(Il) cations than the RB sample. The data
shown in Table 4 show that the heats of adsorption are positive
for both types of the bentonite samples. These positive values of
AH indicate the endothermic behavior of the adsorption reac-
tion of Cu(Il) ions and suggest that a large amount of heat is
consumed to transfer the Cu(Il) ions from aqueous into the solid
phase. As was suggested by Nunes and Airoldi [53], the tran-
sition metal ions must give up a larger share of their hydration
water before they could enter the smaller cavities. Such a release
of water from the divalent cations would result in positive val-
ues of AS. This mechanism of the adsorption of Cu(Il) ions is
also supported by the positive values of AS, which show that
Cu(Il) ions are less hydrated in the bentonite layers than in the
aqueous solution. Also, the positive value of AS indicates the
increased disorder in the system with changes in the hydration
of the adsorbing Cu(II) cations.

3.2.5. Comparison of Cu(Il) removal with different
adsorbents reported in literature

The adsorption capacities of the adsorbents for the removal
of Cu(Il) have been compared with those of other adsorbents
reported in literature and the values of adsorption capacities
have been presented in Table 5. The values reported in the
form of monolayer adsorption capacity. The experimental data
of the present investigation are comparable with the reported
values.

;izlrfntdynamic parameters for the adsorption of Cu(II) onto bentonite samples

Sample AH (kJ/mol) AS (J/molK) AG (kJ/mol) R?
303.15 313.15 323.15

RB 10.36 42.00 -0.34 -052 -0.71  0.997

MMB 1.79 21.34 —4.68 —489 510 0.996

Table 5

Adsorption results of copper(II) ions from the literature by various adsorbents
Adsorbent Adsorption capacity (mg/g) Ref. No
Granular act. carbon (GAC) 60 [22]
Mn-GAC 86 [22]

Cankir1 bentonite 44 .84 [46]
Na-Bentonite 30 [54]
Ca-Bentonite 7.72 [54]
Montmorillonite 28.80 [55]
Organo-bentonite 56.55 [56]
Diatomite 27.55 [58]
Mn-diatomite 55.56 [58]
Birnessite 80 [59]
Bentonite (Unye) 4241 In this study
MMB 105.38 In this study

Comparison of maximum experimental adsorption capaci-
ties of Cu(Il) for manganese oxide modified adsorbents are
also given in Table 5 [22,57]. Maximum adsorption capacity of
Cu(II) for the manganese oxide modified modified samples was
approximately 1.5-2 times higher than that of the raw material.
The Cu(Il) sorption capacities of diatomite and Mn—diatomite
were determined as 27.55 and 55.56 mg/g, respectively [57]. In
another study, Fan and Anderson [22] studied with Mn oxide
coated granular activated carbon, for Cu(Il) removal from aque-
ous solution. They reported that the granular activated carbon
adsorbed Cu(Il) with the adsorption capability of 60 mg/g. The
capacity of the granular activated carbon increased to 86 mg/g.
The obtained results show that MMB has a high Cu(II) adsorp-
tion capacity (105.38 mg/g) in comparison in other studies. The
comparison of g, value of MMB used in the present study with
those obtained in the literature shows that MMB is more effec-
tive for this purpose. From these observations, it is appeared
that the surface properties of raw bentonite could be improved
upon modification of manganese oxide as previously reported
by other researchers [18,19,22,57].

3.2.6. The mechanism of the adsorption of Cu(Il)

Some recent studies have provided direct evidence about
mechanism of cation adsorption on manganese oxides [59,60],
performed adsorption experiences by contacting Zn** and
manganese oxide suspensions in 0.1 M NaNOj3 solution [61].
EXAFS studies revealed the formation of Zn®* inner-sphere
surface complexes [61]. In addition to these proofs, other exper-
imental evidences must be considered. They are follows: (1)
The displacement of H* from the surface that was measured in
this work and discussed in Section 3.1.2. It suggests that adsorp-
tion takes places with the release of H*. (2) The increment of the
amount of adsorbed Cu(II), as pH value rises. (3) The fact that the
effect of ionic strength on Cu(Il) adsorption may be explained by
the formation of inner-sphere complexes since K* in the back-
ground electrolyte could not compete with the Cu(Il) adsorbed
on the inner-sphere adsorption sites. In view of the fact that
pointed above, it is evident that manganese oxide modification
enhanced the sorption of Cu(II) significantly. It may be explained
by considering the coordinative environments of copper ions and
surface hydroxyl groups in hydrated surfaces. Surface hydrox-
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yls 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 [62].

4. Conclusions

The adsorption of Cu(II) depend upon the nature of the adsor-
bent surface and the species distribution of Cu(Il) in solution,
which mainly depends on the pH of the system. It is clearly
seen from the graph that the g. increases at a slower rate with
an increase in pH of the initial suspension from 3.0 to 5.0,
and then increases considerably as the pH increases further. The
plots have good linearity in both the cases (Freundlich plot,
R*=0.994, Langmuir plot, R*=0.980) at 298 K. The values
of the adsorption coefficients indicate the favorable nature of
adsorption of Cu(II) on the MMB. From the values of Langmuir
monolayer capacity, gn, it is concluded that the treatment with
manganese oxide does increase the number of adsorption sites
to a large extent. It is evident that manganese oxide modifica-
tion enhanced the sorption of Cu(Il) significantly. This may be
attributed to the increase in the surface area for the MMB as
well as the resultant surface charge offered by the manganese
oxides on the bentonite surface. The increased Cu(II) adsorption
by MMB in the presence SO4>~ and HPO,4>~ might be due to
the bridging surface complexes.
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