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This paper presents the adsorption of Cu(II) ions from aqueous solution onmodified Unye bentonite. Adsorption
of Cu(II) ions bymagnesiumoxide-coated bentonite (MCB) samplewas investigated as a function of the initial Cu
(II) concentration, solution pH, ionic strength, temperature and inorganic ligands (Cl−, SO4

2−, and HPO4
2−).

Changes in the surfaces and structure were characterized by means of XRD and N2 gas adsorption data. The
Langmuir monolayer adsorption capacity of MCB in 0.1 M KNO3 solution was estimated as 58.44 mg/g. ΔG, ΔH
and ΔS values were evaluated for MCB to be −9.50 kJ/mol (at 303 K), 43.81 kJ/mol and 175.85 J/mol K.
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1. Introduction

The contamination of water by heavy metals through the
discharge of industrial wastewater is a worldwide environmental
problem. Removal of heavy metal ions from wastewater in an
effective manner has become an important issue today. The main
heavy metal removal methods are chemical precipitation, membrane
filtration, ion exchange and adsorption [1]. Adsorption process
provides an attractive alternative treatment to other removal
techniques because it is more economical and readily available. A
lot of non-conventional, low-cost and easily obtainable adsorbents
have been tested for heavy metal removal such as clay minerals [2–5],
biomaterials [6–9] and industrial solid wastes [10–13]. Those studies
indicated that the adsorption capacity of most low-cost materials is
much less effective than that of commercial adsorbents.

Bentonite is a natural clay that is found in many places of the world.
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. The isomorphous substitution of Al3+ for Si4+ in the
tetrahedral layer and Mg2+ or Fe3+ for Al3+ in the octahedral layer
results in a net negative surface charge on the clay [14]. Also,
montmorillonite have amphoteric pH-dependent charges at the edges,
high exchange capacity and different modes of aggregation [14,15].
Amphoteric edge surfaces of the montmorillonite provide sites for the
adsorption of cations. This character of montmorillonite makes it a
potential adsorbent for the adsorption of heavy metal from aqueous
solutions.

The heavymetal adsorption onto iron or manganese oxide modified
adsorbents has received wider attention than that of magnesium oxide
modified adsorbents [16–21]. But, using MgO in the adsorption
proceseses have many advantages such as its cost is much lower than
that of iron and manganese oxides, MgO has minimal environmental
impact, and Mg2+ is non-polluting and can be easily obtained from
aqueous medium. For these reasons, MgO can be used as a promising
mineral for the adsorption of heavy metals due to its high capacity for
heavy removalwhen exposed to an initial acidic solution. In the present
work, a cheap, readily available and effective adsorbent material has
identified bentonite as a potentially attractive adsorbent for the
treatment of Cu(II) ions contaminated with aqueous solutions after
modification with magnesium oxide. Since there is a huge deposit of
bentonite, there is a great potential for its utilization in wastewater
treatment. The main objective of this study was to investigate the
feasibility of using magnesium oxide modified bentonite for the
maximum removal of Cu(II) ions from aqueous solutions.

2. Experimental

2.1. Reagents

All reagents used were of analytical purity. Synthetic solutions were
prepared from concentrated stock solutions (Merck). A stock solution of
Cu(II) was prepared by dissolving required amount of Cu(NO3)2
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(Merck) in double distilled water. HNO3 and NaOHwere obtained from
Merck and used for pH value adjustment. Other agents used, such as
NaCl,NaNO3, Na2SO4, Na3PO4, andMg(NO3)2were 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%otherminerals.Whitenesswas found to be 85%. RB
was composed of 62.70% SiO2, 20.10% Al2O3, 2.16% Fe2O3, 2.29% CaO,
3.64% MgO, 0.27% Na2O, 2.53% K2O, 0.21% TiO2, and 0.02% P2O5. 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
BaCl2 solution (c=0.1 M) followed by a reexchange with aqueous
MgCl2 solution (c=0.1 M), is 0.65 mmol/g [22]. The total pore volume
value is 0.07 cm3/g, themicropores contribute to11.42%of the total pore
volume. The average pore diameter is 8.11 nm.

2.2. Preparation and characterization of RB and MCB

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.

Preparation of MCB: Magnesium nitrate 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 reactionmixturewasmaintained at
90 °C for 4 h. The base activated RB was dispersed into 150 mL of
0.1 M Mg(NO3)2 aqueous solution. 300 mL of 0.1 M NaOH aqueous
solution was added slowly with a drop rate of 1 mL/hour. 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 HCl aqueous solution to
remove the excess Mg(OH)2 precipitated on the outher surface of the
clay and further washed with deionized water. Then, this sample was
heated for 4 h in air at 700 K. The thermal treatment of mixed solids in
air at 700 K leads to the formation of MgO [23].

The mineralogical compositions of the RB and MCB samples were
determined from the X-ray diffraction (XRD) patterns of the products
taken on aRigaku 2000 automateddiffractometer usingNifilteredCuKα

radiation. XRD analysis of the bentonite was performed using the three-
principal lines [24]. The surface areas were calculated by the BET
(Brunauer–Emmett–Teller) method. The BET surface area (SBET),
external surface area (including only mesopores Sext.), micropores
surface area (Smic.), total pore volume (Vt) and average pore diameter
(Dp) results obtained by applying the BET equation to N2 adsorption at
77 K and Barret–Joymer–Halenda (BJH) equation to N2 adsorption at
77 K are listed in Table 1.

2.3. Adsorption dependence on Cu(II) concentration

The adsorptionofCu(II) ionsbybentonite sampleswasperformedby
a batch equilibrium technique at room temperature. Briefly, 0.050 g of
bentonite sample and 20 mL of Cu(NO3)2 solution were added in 50 mL
polyethylene test tubes. Ionic strengthwas controlled at0.1 MKNO3and
the pH of the system was maintained at 6.0. The initial Cu(II)
concentrations varied from 0.01 to 1.0 mM. A 24-h contacting period
was found to be sufficient to achieve equilibrium. The samples were
Table 1
Porous structure parameters of the RB and MCB samples.

Sample SBET
(m2/g)

Sext.
a

(m2/g)
Smic.

(m2/g)
Vt

(cm3/g)
Vmic.

(cm3/g)
Vmeso.

(cm3/g)
Dp

b

(nm)

RB 57 19 38 0.084 0.010 0.074 5.72
MCB 30 10 20 0.065 0.005 0.060 7.82

a Sext=Smeso.
b 4 V/A by BET.
allowed to equilibrate for 24 h, centrifuged at 4500 g for 20 min and
then decanted. All the measurements were made in duplicate and the
average values were reported. An experiment without adsorbent was
performed to test possible adsorption and/or precipitation of Cu(II) onto
the test tube walls. Preliminary experiments showed that Cu(II) losses
due to the adsorption onto the test tubes were negligible. Adsorbed Cu
(II) ions was calculated from the difference between the Cu(II) ions
initially added to the system and that remaining in the solution after
equilibration by a Unicam 929 model flame atomic absorption
spectrophotometer, Cu(II): lamp current at 5 mA, wavelength at
324.8 nm, slit width at 0.5 nm, and optimum working range of 2–
10.0 µg/mL; flame type air/acetylene, and fuel flow rate of 1.2 L/s. The
dilutions induced by the pH controls were considered while computing
the amount of Cu(II) ions adsorbed.

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

Adsorption experiments were carried out in polyethylene test tubes
at 23±2 °C by using the batch technique. The reaction mixture
consisted a total of 50 mL containing 2 g/L adsorbent and the desired
concentration of Cu(II). The background electrolyte solutions were
0.01 M, 0.05 M, and 0.1 M KNO3. Solution pH was adjusted with 0.1 M
HNO3 or 0.1 MNaOH, such that the equilibrium solutions had pH values
ranging from 3.0 to 6.5. The procedure of ionic strength, pH, inorganic
ligand and temperature experiments was basically identical to that of
equilibrium tests. For thermodynamic studies, the temperature thatwas
varied from 303 K to 338 K at a constant pH of 6.0. 2 g/L of MCB with
38 mg/L Cu (II) solutions was employed for these experiments.

3. Results and discussion

3.1. Data processing

The adsorption capacity of Cu(II) ions adsorbed per gram adsorbent
(mg/g) was calculated using the equation

qe = C0−Ceð ÞV =m ð1Þ

The adsorption percentage of Cu(II) ions was calculated by the
differenceof initial andfinal concentrationusing theequationexpressed
as follow:

R = C0−Ceð Þ= C0½ �x100 ð2Þ

where qe is the equilibrium concentration of Cu(II) ions on the
adsorbent (mg/g), C0 the initial concentration of the Cu(II) ions
solution (mg/L), Ce the equilibrium concentration of the Cu(II) ions
solution (mg/L), m the mass of adsorbent (g), V the volume of Cu(II)
ion solutions (L), and R the retention of Cu(II) ions in % of the added
amount.

In this study, the equilibrium experimental data for adsorbed Cu(II)
ions on bentonite samplewere analyzed using the Langmuir, Freundlich
and Dubinin–Radushkevich (D–R) isotherm models. These isotherms
are as follows:

(a) Langmuir isotherm model [25]:

Ce = qe = Ce = qm + 1 = KLqm ð3Þ

where Ce is equilibrium concentration of Cu(II) ions (mg/L) and
qe is the amount of the Cu(II) ions adsorbed (mg) by per unit of
bentonite (g). qm and KL are the Langmuir constants related to
the adsorption capacity (mg/g) and the equilibrium constant
(mg/L), respectively.

(b) Freundlich isotherm model [26]:

log qe = logKF + 1= nð Þ logCe ð4Þ



Fig. 1. The XRD patterns of the RB (a) and MCB (b) samples (M: montmorillonite, D: dolomite, Q: quartz).

Table 2
d-spacing and intensity values of reflections for bentonite samples.

Reflection RB MCB

d, Å d, Å

d001 15.33 14.31
d003 5.05 –

d020 4.42 4.45
d101 – 4.05
d006 2.55 2.55
d060 1.49 1.49
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where KF and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.

(c) D–R isotherm model [27]:

ln qe = ln qm−βε2 ð5Þ

where β is the activity coefficient related to mean adsorption
energy (mol2/J2) and ε is the Polanyi potential (ε=RT ln(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:

E = 1=
ffiffiffiffiffiffiffiffiffiffiffi
−2β

p
ð6Þ

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:

lnKd = ΔS = R−ΔH = RT ð7Þ

ΔG = ΔH−TΔS ð8Þ

Kd = qe = Ce ð9Þ

where Kd is the distribution coefficient for the adsorption, ΔS, ΔH and
ΔG are the changes of entropy, enthalpy and the Gibbs energy, qe is
the equilibrium concentration of Cu(II) ions on the adsorbent (mg/g),
T (K) is the temperature, R (J mol−1 K−1) is the gas constant, The
values of ΔH and ΔS were determined from the slopes and intercepts
of the plots of ln Kd vs. 1/T.

3.2. Material characterization

The XRD patterns of the RS and MCB samples are presented in Fig. 1.
Some of the structural properties of theMCBused in this studyhave been
described in Eren at al. [28]. The authors demonstrated that the
magnesium oxide-coating process has caused structural changes in the
bentonite sample. The position of d001 peak of MCB sample shifted from
15.33 to 14.31 Å (Table 2). The intensities of the 001 and 006 reflections
have been reduced, while the intensities of the 020 and 060 reflections
have been increased significantly by the modification process. The new
peaks situated at lower2θvalue (b6.17°)were likely to appear because of
agglomeration of the MCB sheets [29]. MCB sample displays an increase
of the background in the interval between 20 and 30°. The d003 reflection
of RB at 5.05 Å (2θ=17.52) disappeared after the modification process.



Fig. 2. Langmuir isotherm plot for the adsorption of Cu(II) ions onto the MCB sample.
T=295.15 K, initial pH=6.0, m=2 g/L. Error bars represent standard deviations from
the average measurements.

Table 4
Adsorption results of Cu(II) ions from the literature by various adsorbents.

Adsorbent pH Temp. (K) qm (mg/g) Ref. no

Çankırı bentonite 7.0 296 44.84 [1]
Organo-bentonite 5.5 323 56.55 [33]
Palygorskite 5–6 295 17.4 [31]
Acid-activ. palygorskite 6.0 303 32.24 [32]
Zeolite – 303 8.97 [33]
Zeolite-cement mixture – 298 23.25 [34]
Sawdust – 308 4.94 [35]
Dye loaded sawdust – 308 7.60 [35]
Diatomite 4.0 296 27.55 [36]
MnO-diatomite 4.0 296 55.56 [36]
Gran. act. carb. (GAC) 6.0 – 60 [37]
MnO-GAC 6.0 – 86 [37]
Bentonite 6.0 295 42.41 [38]
MnO-bentonite 6.0 295 105.38 [38]
Kaolinite 5.7 303 4.4 [39]
ZrO-kaolinite 5.7 303 3.0 [39]
TBA-kaolinite 5.7 303 3.2 [39]
Montmorillonite 5.7 303 28.8 [39]
ZrO-montmorillonite 5.7 303 7.1 [39]
TBA-montmorillonite 5.7 303 27.3 [39]
MCB 6.0 295 58.44 In this study
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3.3. Adsorption isotherms and parameters

The equilibrium data for Cu(II) ions adsorption on bentonite
samples were fitted to Langmuir equation (Eq. (3)). Linear plots of Ce/
qe vs. Ce (Fig. 2) were employed to determine the value of qm (mg/g)
and KL (mg/L). The data obtainedwith the correlation coefficients (R2)
was listed in Table 3. The Langmuir monolayer adsorption capacity
MCB was estimated as 58.44 mg/g, respectively (Table 3).

The adsorption capacities of the adsorbents for the removal of Cu
(II) ions have been compared with those of other adsorbents reported
in the literature and the values of adsorption capacities have been
presented in Table 4. The values are reported in the form ofmonolayer
adsorption capacity. The experimental data of the present investiga-
tion are comparable with the reported values [1,30–39]. Comparison
of maximum experimental adsorption capacities of Cu(II) ions for
metal oxide modified adsorbents were also given in Table 4 [36–39].
Maximum adsorption capacity of Cu(II) ions for metal oxide modified
modified samples was approximately 1.5–2 times higher than that of
the raw material [36–38]. From these observations, it appeared that
the surface properties of RB could be improved upon modification of
metal oxide as previously reported by other researchers [36–39].

Freundlich parameter (n) was related to the affinity between the
adsorbate and the adsorbent and there is also an evidence of relation of
this parameter with the solid-state properties of adsorbent. KF relates
the multilayer adsorption capacity and n intensity of adsorption, which
varies with the heterogeneity of the adsorbent [40]. The constants in
Table 3, KF and n were calculated from Eq. (4) and Freundlich plots
(Fig. 3). Ahighvalue of the intercept,KF, is indicativeof ahighadsorption
capacity [41]. A relatively n≪1 indicates that adsorption intensity is
favorable over the entire range of concentrations studied, while nN1
means that adsorption intensity is favorable at high concentrations but
much less at lower concentrations [41,42]. In the adsorption system, n
value is 1.16 which indicates that adsorption intensity is favorable over
the entire range of concentrations studied.

A plot of lnqe against ε2 is given in Fig. 4. D–R isotherm constants, qm
for MCB was found to be 12.16 mg/g, respectively (Table 3). The
Table 3
Langmuir, Freundlich and D–R isotherm parameters for the adsorption of Cu(II) ions onto b

Sample Langmuir isotherm constants Freundlich isotherm

qm KL R2 n K

(mg/g) (L/mg)

MCB 58.44±0.46 0.22±0.13 0.976 1.16±1.13
difference of qmderived fromthe Langmuir andD–Rmodels is large. The
differencemay be attributed to the different definitions of qm in the two
models. In Langmuir model, qm represents the maximum adsorption of
metal ions at monolayer coverage, whereas it represents themaximum
adsorption of metal ions at the total specific micropore volume of the
adsorbent in D–R model. Thereby, the value of qm derived from
Langmuir model is higher than that derived from D–R model. The
differences are also reported in previous studies [43–46]. In the mean
adsorption energy, E 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 adsorptionmechanism. If the E value
is between8 and 16 kJ/mol, the adsorption process follows the chemical
adsorption and if Eb8 kJ/mol, the adsorption process is of a physical
nature [1,43–47]. The calculatedvalues of E is 2.81 kJ/mol forMCB, and it
is in the range of values for physical adsorption reactions. The similar
results for the adsorption of Cr(III), Pb(II) and Zn(II) were reported by
earlier workers [1,43].

3.4. Effects of ionic strength, pH and inorganic ligand

The adsorption of Cu(II) ions onto the MCB as a function of ionic
strength and pH was shown in Fig. 5. The Cu(II) ion removals by MCB
were observed over a range of initial pH values between 3 and 6.5.
Increasing the ionic strength from 0.01 to 0.1 led to a significant
decrease in the Cu(II) ion adsorptions. The percentage of Cu(II) ions
adsorbed in the presence of 0.01 M KNO3 at pH 6.5 is≈91%, compared
to 62% at the same pH but in the presence of 0.1 M KNO3 for the MCB
samples. This may be due to the following two reasons: i— the effect of
ionic strengthonmetal adsorptionmaybe explainedby the formationof
outer-sphere complexes since K+ in the background electrolyte could
compete with the metal ions adsorbed on the outer-sphere adsorption
sites and could reduce the adsorption, whereas K+ would not have
competed for the inner-sphere sites [48]. ii— the electrostatic attraction
seems to be a significant mechanism, as indicated by the results where
entonite samples.

constants D–R isotherm constants

F R2 qm E R2

((mg/g)(L/mg)1/n) (mg/g) (kJ/mol)

8.93±0.90 0.994 7.31±0.80 2.81±1.42 0.878



Fig. 3. Freundlich isotherm plot for adsorption of Cu(II) ions on the MCB sample.
T=295.15 K, initial pH=6.0, m=2 g/L. Error bars represent standard deviations from
the average measurements.

Fig. 5. Adsorption of Cu(II) ions (38 mg/L) by MCB (2 g/L) as function of pH and ionic
strength. Error bars represent standard deviations from the average measurements.
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at high ionic strength, the increased amount of KNO3 can help to render
the surface of the MCB not easily accessible to Cu(II) ions. According to
the electrical diffuse double layer theory, when solid adsorbents are in
contact with sorbate species in solution, they are bound to be
surrounded by an electrical diffused double layer, the thickness of
which is significantly expanded by the presence of electrolyte. Such
expansion may be inhibited by the approaching MCB particles and Cu
(II) cations.

The adsorption of Cu(II) ions by the MCB sample was influenced by
the presence of Cl−, SO4

2− and HPO4
2− (Fig. 6). It is clear that aqueous

speciation influences Cu(II) ions adsorption in the inorganic ligand
systems. The adsorbed Cu(II) ions in the presence of inorganic ligands
may be also attributed to a high specifity of the surfaces for Cu(II) ions
relative to ligands. Thepercentages of Cu(II) ions adsorbed in the0.01 M
SO4

2− and HPO4
2− systems at pH 6.5 are 58 and 54%, respectively,

compared to 62% at the same pHbut in the absence of these ligands. The
decreased amount of adsorbed Cu(II) ions can be explained in terms of
solution chemistry. These ions effectively decrease the degree of
hydrolysis ofCu(II) ions byblocking someof the co-ordinationpositions.
Also, the reduction in Cu(II) ion adsorptions on the MCB sample in the
presence SO4

2− and HPO4
2− might be due to ion competition with the

various Cu(II) species for adsorption sites {e.g. [XOH+-SO4
2− and XOH+-
Fig. 4. D–R isotherm plot for adsorption of Cu(II) ions on the MCB sample. T=295.15 K,
initial pH=6.0, m=2 g/L. Error bars represent standard deviations from the average
measurements.
HPO4
2−]}. Fig. 6 also showed that the retention of Cu(II) ions by MCB

surface was enhanced in the presence of 0.01 M Cl− ligand. The
percentage of Cu(II) ions adsorbed in the 0.01M Cl− system at pH 6.5 is
75% for theMCB sample. This result suggests that the observedCu(II) ion
adsorption behavior in the MCB suspensions is influenced by both
aqueous speciation and surface ligand complexation of Cu(II) ions. The
specifically adsorbed ligand enhances the Cu(II) ions’ retention by the
surface complexation of Cu(II) ions.

3.5. Thermodynamic studies

ΔG, ΔH and ΔS were reported for RB as −0.34 kJ/mol (at 303 K),
10.36 kJ/mol and 42 J/mol K, respectively [41]. In thiswork, these values
were evaluated for MCB as −9.50 kJ/mol (at 303 K), 43.81 kJ/mol and
175.85 J/mol K, respectively (Table 5). The negative values for the Gibbs
free energy change, ΔG, 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
adsorption with temperature may be attributed to the increase in the
number of active surface sites available for adsorption on the adsorbent
and the decrease in the thickness of the boundary layer surrounding the
adsorbent with temperature. The values of ΔG are negative for the MCB
suggesting that the adsorption process for this material is spontaneous.
These results suggest that the internal domains of this sample are
suitable environments for Cu(II) cations.Weng et al. [49] noted thatΔG°
Fig. 6. Adsorption of Cu(II) ions (38 mg/L) by MCB (2 g/L) as function of pH and in the
presence of Cl−, SO4

2−, and HPO4
2−. Error bars represent standard deviations from the

average measurements.



Table 5
Thermodynamic parameters for the adsorption of Cu(II) ions onto bentonite samples.

Sample ΔH (kJ/mol) ΔS (J/mol K) ΔG (kJ/mol) R2

303 313 323

MCB 43.81±5.22 175.85±238 −9.50 −11.25 −10.71 0.969
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values up to 20 kJ/mol are consistent with electrostatic interaction
between adsorption sites and the metal ion while ΔG° values more
negative than 40 kJ/mol involve charge sharing or transfer from the
adsorbent surface to themetal ion to forma coordinate bond. The values
of ΔG° obtained in this work, range from −9.50 to −10.71 kJ/mol
indicating that electrostatic interactionmay play a significant role in the
adsorption process. It may be suggested that a surface complexation
reaction is the major mechanism responsible for the Cu(II) ions
adsorption process. The negatively charged groups of SiO−, AlO− and
MgO− on the MCB surface favor Cu(II) ion adsorptions. The heat of
adsorption is positive forMCB sample. The positive valueofΔH indicates
the endothermic behavior of the adsorption reaction of Cu(II) ions and
suggests that a large amount of heat is consumed to transfer the Cu(II)
ions from aqueous into the solid phase. As was suggested by Nunes and
Airoldi [50], the transitionmetal ionsmust give up a larger share of their
hydration water before they could enter the smaller cavities. Such a
release ofwater from thedivalent cationswould result in positive values
of ΔS. This mechanism of the adsorption of Cu(II) ions is also supported
by the positive values of ΔS, which show that Cu(II) ions are less
hydrated in the bentonite layers than in the aqueous solution. Also, the
positive value of ΔS indicates the increased disorder in the systemwith
changes in the hydration of the adsorbing Cu(II) cations.

The average deviations for ΔH and ΔS are roughly 12 and 136%,
respectively (Table 5). The source of large errors in determining the
thermodynamic parameters may be due to the following reasons: the
higher Cu(II) removal due to increasing temperature may be
attributed to the interaction taking place between the adsorption
sites of MCB and Cu(II). The exchange of the Cu(II) with H+ needs the
bond breaking of OH groups on MCB surfaces, which is an
endothermic process. Also, the sorption of Cu(II) requires a diffusion
process, which is an endothermic process; i.e., the rise of temperature
favors Cu(II) transport within the particles of MCB. Due to these
reasons, ΔH, which has little change at low temperatures, displays
abrupt decrease and increase at higher temperatures.

Thermodynamic data on Cu(II) ion adsorptions on clays are scarce.
Weng et al. [49] have reported thatΔH°, ΔS° and ΔG° for the adsorption
of Cu(II) ions on spent activated clay have values of 14.51 kJ/mol,
138.78 J/mol K and −26.85 kJ/mol, respectively. Bhattacharyya and
Gupta [39] calculated that ΔH° of Cu(II) ion adsorptions on TBA-
montmorillonite, ZrO-kaolinite and montmorillonite is 29.2, 50.5 and
50.7 kJ/mol, respectively, for the temperature range 303–313 K. Lin and
Juang [51] have found that ΔH, ΔS and ΔG for Cu(II) ion adsorptions on
surfactant modified montmorillonite are 7.05 kJ/mol, 9.09 J/K mol and
−9.66 kJ/mol, respectively. Yavuz et al. [52] have reported thatΔH°,ΔS°
and ΔG° for the adsorption of Cu(II) on kaolinite are 39.52 kJ/mol,
0.117 J/K mol and 4.61 kJ/mol, respectively.

3.6. The mechanism of the adsorption of Cu(II)

Some recent studies have provided evidences about themechanism
of cation adsorption on magnesium oxide [53–59]. In addition to these
proofs, other experimental evidences must be considered. They are as
follows: (1) the increment of the amount of adsorbed Cu(II), as pHvalue
rises. (2) The fact that the effect of ionic strength on Cu(II) adsorption
may be explained by the formation of outer-sphere complexes since K+

in the background electrolyte competeswith the Cu(II) adsorbed on the
outer-sphere adsorption sites. In view of the fact pointed out above, it is
evident that magnesium 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 [56–58]. The use of MgO is described acting as a buffering
stabilizer agent minimizing heavy metals solubility and avoiding the
redissolution [59].

The complex reactions of Cu(II) withMCBmay bewritten as follows
(S: MCB surface):

S–OH þ Cu
2þ→ðS–O–CuÞþ þ H

þ ð10Þ

S–O
− þ Cu

2þ→ðS–O–CuÞþ ð11Þ

2ðS–OHÞ þ Cu
2þ→ðS–OÞ2Cu þ 2H

þ ð12Þ

2ðS–O−Þ þ Cu
2þ→ðS–OÞ2–Cu ð13Þ

S–OH þ Cu
2þ þ H2O→S–OCuOHþ 2H

þ ð14Þ

4. Conclusions

This research demonstrates a preparation method for modifying
bentonite with magnesium oxide for use in Cu(II) ion removals. The
adsorption of Cu(II) ions by bentonite samples was influenced by pH,
ionic strength, and thepresenceofCl−, SO4

2− andHPO4
2−. The adsorption

of Cu(II) ions depend upon the nature of the adsorbent surface and the
species distribution of Cu(II) ions in solution, whichmainly depends on
the pH of the system. The adsorption isotherm studies indicate that the
adsorption of Cu(II) ions follows both Langmuir and Freundlich
isotherms. The values of the adsorption coefficients indicate the
favourable nature of adsorption of Cu(II) ions on the MCB. From the
values of Langmuir monolayer capacity, qm, it is concluded that the
treatment with magnesium oxide does increase the number of
adsorption sites to a large extent. This improvement in bentonite
performance may be attributed to an increase in surface charge due to
the formation of magnesium oxide on the bentonite surface.

Nomenclature
RB raw bentonite;
Ce equilibrium concentration of the adsorbate in the solution

(mg/L);
IS Ionic strength;
KL constant that represents the energy or net enthalpy of

adsorption (L/mg);
KF Freundlich constant indicative of the adsorption capacity of

the adsorbent (mg/g);
MCB magnesium oxide-coated bentonite;
m mass of adsorbent (g/L);
n experimental constant indicative of the adsorption intensity

of the adsorbent;
qe amount of adsorbate removed from aqueous solution at

equilibrium (mg/g);
qm mass of adsorbed solute completely required to saturate a

unit mass of adsorbent (mg/g);
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