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ABSTRACT

In recent decades, the presence of heavy metal ions in wastewater has become an important public
concern worldwide. Adsorption is a commonly used technique for removing various types of materials
including metal ions from contaminated water sources. However, common methods for adsorption are not
completely efficient at low ion concentrations; therefore, adsorbents should be improved in order to reach
an acceptable level of adsorption efficiency. In this study, the removal of two heavy metals ions, zinc and
copper, from synthetic aqueous solution using Nano-bentonite was investigated. Modified bentonite was
obtained by calcination of bentonite at 600 °C for 2h. Response surface methodology (RSM) and central
composite design (CCD) were used to optimize the operating factors of the adsorption process. Operation
time, adsorbent dosage, ion concentration and pH were the variables and percentage of ion removal was
considered as the response. HCl and NaOH were used as chemical agents to adjust pH at optimum level of
operating condition for Cu?* and Zn?* removal which were as follows: Cu?*initial concentration: 110.1 mg/L,
pH:7.3, time: 96.8 min, adsorbent dosage: 2.1 g/l, and Zn? initial concentration: 105 mg/L, pH: 6.9, time:
73.1 min and adsorbent dosage: 2 g/I. Results and 3D plots exhibited significant proof for accepting the
competence of the modified Nano-bentonite as an efficient adsorbent for metals ion removal.

Keywords: Response surface methodology, Heavy metal adsorption, Wastewater treatment, Nano bentonite.

1. Introduction

Heavy metal ions, such as Fe, Zn, Cu, Co, Ag
and Cd, are found in soil as well as in various types
of industrial effluents [1, 2]. However, they mostly
are found as traces but they can have a significant
impact on plants, animals and human life. Presence
of heavy metal ions in wastewater is an important
public concern. Efficient adsorption of heavy metal
ions can be promising solution to partially reduce
their various harmful effects. The available methods

for removing heavy metal ions from contaminated
water resources including membrane filtration[3],
ion exchange resins [4,5], oxidation [6] and
precipitation are not completely efficient at low ion
concentrations, so adsorption process should be
considered as an alternative technique. Adsorption
plays a vital role in removing pollutants from
water and wastewater resources and it is known
as an effective technique [7]. Adsorption has a
great potential for treating waste water from color
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processing industries, heavy metal contamination
or from various other kinds of ions contamination.
Adsorption is highly efficient, simple and reusable
materials can be applied as absorbents in the
process [8]. In recent years, different categories of
potential adsorbents have been assessed for the
treatment of heavy metal ions, including fly ash
[9], sawdust [10], activated carbon [11], bentonite
and kaolinite [12]. Bentonite is a type of clay
mainly composed of montmorillonite [13, 14]. It
is composed of alumino silicates with the ration of
2:1; one unit of the mentioned structure consists of
one Al** octahedral sheet located among two layers
of Si** tetrahedral sheet [15]. Bentonite is one of
the most widely used substrates as adsorbent for
eliminating contaminants from aqueous solutions.
It provides many internal and external active sites
and has a high surface capacity for ion exchange
process. Bentonite efficiency could be dramatically
increased by optimization of the operation.
Compared to Nano particles, bentonite is a low-cost
mineral adsorbent [16], which is widely found in
various areas. Although many studies have focused
on Zn*" and Cu?®* removal with bentonite, there is
still enormous potential to improve the adsorption
efficiency of bentonite against the relatively low
adsorption capacity of natural clay. Therefore,
investigating the removal of mentioned ions using
modified bentonite may be helpful.

Response surface methodology, RSM, was first
introduced in 1951 by G.E.P. Box and K.B. Wilson.
It was applied to a first-degree polynomial equation
to model the response variable. RSM is a collection
of mathematical and statistical techniques that
describe test data obtained from an experiment
using linear or square polynomial functions [17].
The main goal of RSM is to investigate response
variation by changing the variables to achieve
optimized response. Unlike classical experiment
designs, RSM reduces the number of experiments
as well as the interactive effects of the studied
variables. Consequently, materials consumption is
decreased accordingly [18].

In the present study, heat-treated bentonite
was used as the sorbent for removal of Zn** and
Cu?* from synthetic aqueous solution. Various
parameters were studied to increase the efficiency
of heat-treated bentonite in metals ion removal,
including time, pH, initial concentration of metal
ion and adsorbent dosage. Also, optimization of
conditions for selected variables was done by RSM
to obtain maximum adsorption percentage.
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2. Materials and methods
2.1. Materials

Zinc and copper salts were purchased from
Merck Company (Germany). Bentonite was
obtained from the Dash-Salahli deposit of
Azerbaijan (Iran). Hydrochloric acid (HCI) and
sodium hydroxide (NaOH) were provided from
Sigma Aldrich (USA).

2.2. Methods
2.2.1. Nano-bentonite preparation

Bentonite is prepared by adding sodium
carbonate to natural clay. In order to remove the
carbonates and purify the bentonite, the material
was subjected to acid treatment using HCIL
Adjustments were performed using 0.1 M HCI
and 0.1 M NaOH. To increase the physical stability
of purchased bentonite, a thermal treatment was
also performed at 600°C for 2 h; the calcination
temperature was determined by thermo gravimetric
analysis [11]. Finally, the prepared bentonite was
grinded in a ball mill (MM400 RETSCH) for 10
hours to obtain uniform particle dimensions [11].

2.2.2. Adsorbate solutions

The adsorption study was carried out applying
synthetic effluents containing Cu®* and Zn**
separately. Aqueous solutions were prepared
by dissolving Cu (NO,),. 4H,0O and Zn (NO,),,
respectively, in deionized water to desired
concentrations.  Pourbaix diagram was drawn
using Hydra Medusa Chemical Diagrams software
to determine the predominant chemical species
of Cu** and Zn*, and also the isoelectric point
or pH of zero charge (p H,, ). The pH (MP511
Benchtop pH Meter Kit) was set by applying 0.1
M HNO,. Concentrations of Zinc and copper
ions were determined using an atomic absorption
spectrophotometer (Perkin Elmer ANALYST-100)
[19].

2.2.3. Adsorption process

Batch adsorption experiments were carried
out in 100 ml solution containing heavy metal by
adding the desired concentrations of modified
bentonite. The pH for copper and zinc solutions
was 7.3 and 6.9, respectively. The batch solution
was stirred using a mechanical mixer in a
thermostatic glass bottle at a specified rate. At the
end of the adsorption experiment, the solution was
centrifuged. The amount of adsorbate removal was
determined using a UV-Vis spectrophotometer
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(Model AA-6300 SHIMADZU). The adsorption
capacity and efliciency of ions removal were
calculated using the equations Eq.1, Eq.2 [20]

qtz(co_ct)xv/m (1)

)= (Co—Cp % 100/C0 (2)

Adsorbate removal (%
Where q, in Eq. (1) is adsorption capacity (mg/g)
at any time, V is volume (L) and m is adsorbent
dose (g). In the second equation, C, and C, are
concentrations of ion before and after adsorption
(mg/L) at various periods of time [20].

2.2.4. Determination of concentr ation

The determination of heavy metals in their
particulate and dissolved forms was done according
to the procedure which is reported by Karvelas et al
[21].Determination of heavy metal concentrations
(Cu and Zn) included sludge sample preparation,
i.e, initial drying for 48 h at room temperature
until air-dried and then to constant mass at 105°C.
In the next step, sludge samples were milled in a
mortar grinder. Afterwards, 0.2 g of sample was
digested with nitric acid (HNO,) and hydrochloric
acid (HCI) in a Teflon flask, using a microwave
digestion system (Multiwave 3000, Anton Paar
GmbH, and Graz, Austria). Obtained solutions
were filtered through fine filters (0.45 pum) and
diluted with 5% HNO, to a volume of 50 mL.
Samples were stored at 4°C prior to analysis. The
heavy metal concentration was determined using
the atomic absorption spectrophotometer (AAS)
(Model AA-6300 SHIMADZU).

2.2.5. Removal of heavy metals from
solution

The metal solutions of proper concentrations
were remade by diluting the reference solution to
1000 ppm. The pH was adjusted via using drops of
IM HCI or 1M NaOH. Adsorption experiments
was performed as follows: 0.05 g of adsorbent
and 10 ml solution were mixed using a glass
stirrer in a flask with thermostatically controlled
environment using a thermostat IT-1 up to 0.1°C.
Concentrations of Cu?** and Zn?* ions in solutions
were determined spectrometerically using a device
SE-26. The adsorption capacity and ions removal
efficiency were calculated as follows Eq.1.

For comparison the adsorption capacity,
activated charcoal was used. In this study,
the removal of cations by Na-bentonite from

aqueous
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wastewater was tested in industrial plants. The
water was released from columns containing
activated charcoal and Na-bentonite.

2.3. Characterization of Nano-bentonite

The natural bentonite and Nano-bentonite were
analyzed by X-ray diffraction, FT-IR spectroscopy,
differential scanning calorimetric analysis, SEM
and DLS analysis.

The XRD patterns of the samples were prepared
using the Philips X'PERT X-ray diffractometer
tool with filtered Cu Ka radiation, at voltage 40 kV,
40 mA, step size of 0.02 and time per step of 1.0
seconds. Spectra were carried out by the (Spectrum
D ne- FT-IR, Perkin Elmer). The FT-IR spectra of
the samples obtained into KBr pellets were collected
in the wave number range of 4000-400 Cm'.The
differential scanning calorimetric analysis was
performed using a Shimadzu thermal analyzer in
the following conditions: flow rate of 50 ml/min
of N, heating rate 10°C/min and temperature of
500°C. The surface morphology of the samples was
determined by a scanning electron microscope
(3200 KYKY_EM) at an accelerated voltage of 26
KV [22]. The samples were coated with gold for
a few seconds to be conductive. Then the surface
morphology of bentonite was investigated by SEM.
The average size distribution of samples particle was
determined by DLS analysis (Malvern Instruments,
Malvern, UK) at a scattering angle of 90° and laser
light irradiation at 657 nm at 25°C [22].

The bentonite used in this study is high-swelling
bentonite and has a bulk density of 600-1000 kg/
m’ (Eq.3), determined according to the procedure
described by Ahmedna et al. [23] and Huerta-Pujol
et al. [24], and a specific surface area (SSA) of 240
m?/gr, specific surface area measured using EGME
method [25].

Bulk density (Kg/m3) = Weight of bentonite/Volume  (3)

The particle size varies between 100-2,000
nm (0.1-2 pm).The cation exchange capacity
(CEC) of a clay is a measure of the quantity of
negatively charged sites on clay surfaces that can
retain positively charged ions (cations) such as
calcium (Ca?"), magnesium (Mg**), and potassium
(K*), by electrostatic forces. Cations retained
electrostatically are easily exchangeable with cations
in the clay solution so a clay with a higher CEC has
a greater capacity to maintain adequate quantities
of Ca*, Mg**and K* than a clay with a low CEC.
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The efficacy of the methods used in the purification
of bentonite was evaluated by estimation of cation
exchange capacity [26]. Ammonium acetate
method was used to measure the cation exchange
capacity of bentonite samples (pH=7)[27]. The
results showed that the cation exchange capacity
of the primary bentonite sample reached from
105-130 cmol/kg in the purified sample indicating
an increase in purity of montmorillonite after
purification. The cation exchange capacity of pure
montmorillonite is 80-150 cmol/kg [26].

2.4. Response surface
experimental design

CCD is a beneficial method for identification of
an appropriate model. Five-level CCD with four
factors evaluates classic data by using a minimum
number of runs and investigates the effects of
various types of variables [28]. Totals number of
experiments in the CCD includes 2n axial runs, 2"
factorial runs, n_and center runs. In addition n is
the Number of independent variables (Eq.4).

methodology and

N=2"+42n+n, (4)

By considering Eq.4, the total number of
experiments with 4 variables was 30. It should be
mentioned that the center point plays an important
role in determining the experimental error. The
axial points are located at (+£a,0,0), (0,+a,0) and
(0,0,£a). The factorial part of the design has a direct
relation with choosing the value of a. In this study,
a was selected as 2. The independent variables
and their values were selected in accordance with
the results of classical experiments as reported in
Tables 1 and 2.

The mathematical relation between independent

Table 1- Parameters and

parameters is shown as the second order polynomial
equation (Eq. 5).

Y:ﬂ+§ﬂ.x,+§ﬂ,.x.2+kil g L.x.x. (5)
Ot S D
Where “Y” is the predicted response (removal
percentage); x; and x, are the known independent
variables for each experimental run (pH, time,
adsorbent dosage and pollutant dosage), B, is
the constant, B, is the linear coefficient; B, is the
quadratic coefficient and B, is the cross-product
coefficient. Design expert software (version 7.0.0)
was used to enhance the mathematical and analytical

model and to estimate the response surfaces.

2.5. Development of the regression model
equation

Central Composite Designs (CCD) was used
to test 5 levels of the test variables: time, pH,
adsorbent dosage and pollutant concentration.
Factor optimization is one of the most important
advantages of this model. Adsorption of copper
ions and zinc ions was the response. The CCD
method was applied to develop a correlation
between adsorption percentage and the variables.
Mathematical analysis recommended a quadratic
model for adsorption of both the tested ions.
Regression analysis was applied for fitting the
response of surface occupation of heavy metals
adsorption.

2.6. Optimization using the desirability function

One of the most desirable points about RSM
compared with other methods, is converting
the discontinuous universe to a continuous one
by a polynomial equation. In the process of
optimization, consideration of the target allows

scope of Cu?* removal in CCD

Parameter factor Unit Scope

2 1 0 -1 -2
pH Xi - 8.56 7.80 6.95 6.10 5.25
Pollutant Co X, mg/L 185 148 111 74 37
Adsorbent dosage Xs g/L 3 2.5 2 L5 1
Time Xy Min 120 90 60 30 20

Table 2- Parameters and scope of Zn?* removal in CCD

Parameter factor Unit Scope

2 1 0 -1 -2
pH Xi --- 8.56 7.80 6.95 6.10 5.25
Pollutant Co X, mg/L 175 140 105 70 35
Adsorbent dosage X; g/L 3 2.5 2 1.5 1
Time Xy Min 120 90 60 30 20
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determining minimization and maximization
of the specified factors [29]. In an optimization
process using RSM, the desirability function, d f,
plays an important role. The desirability function
includes a simple mathematical policy to calculate
optimized values. As a general rule, d f value for each
dependent value is determined in the range of 0 to
1. Meanwhile, the desirability value 1 was assigned
to maximum removal, 0 was assigned to minimum
removal and 0.5 was assigned to the middle point.
Scores for individual desirability were used to
calculate removal amounts, and desirability of 1.0
was chosen as the target value. In this study, the main
goal was to achieve a higher percentage of heavy
metal ion removal. Therefore, the selected target
value was 90% removal for optimization of heavy
metals removal. Furthermore, values of considered
variables and factors were studied separately under
the mentioned conditions (90% removal) for both
metals.

3. Results and discussion
3.1. Structural analysis
3.1.1. X-ray diffraction analysis

The XRD results for bentonite and modified
bentonite are shown in Fig. 1- a, b. The presence of
montmorillonite peak in Fig. 1 confirms that there
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modified bentonite samples.

3.1.2. FTIR spectroscopy analysis

Figs. 2 and 3 show the FTIR spectra of natural
bentonite and modified bentonite with sodium cation.
As can be seen from the results of FTIR spectroscopy,
sodium chloride affects the bentonite structure. In
the FTIR spectra of bentonite, the attendance of OH"
groups expressed through the band at 3646 Cm™. The
bands at 2925Cm™" and 2855Cm™ are due to aliphatic
hydrocarbons in the bentonite. The adsorption peaks
at 463 cm™ and 520 Cm™* refer to the presence of
quartz (Si-O-Si) and Al-O-Si bending vibrations.
Smectite originated are also bands at around 1100,
1000 assigned to Si-O stretching vibrations [30]. In
FTIR spectra of Na-bentonite, the obtained absorption
bands are corresponded to vibration in water
molecules, quartz and calcite. In the FTIR spectra,
broad bands around 3644.96 and 1741.65 Cm™" are
attributed to stretching and bending vibrations,
respectively, of OH" groups in water molecules. The
band at 2926Cm " is due to aliphatic hydrocarbons in
the Na-bentonite. The very strong absorption peak at
1066 Cm™ is caused by Si-O bending vibration. The
bands at 462 and 519 Cm™ are assigned to Si-O-Si
and Al-O-Si bending vibrations [31].
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Fig. 1- The XRD patterns of natural bentonite (a) and modified bentonite with sodium (b).
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3.1.3. Thermal analysis

In Fig. 4, the results of thermal analysis for the
bentonite samples are presented. To improve the
properties and modify and adjust the chemical
composition of bentonite, heat activation is
recommended [32, 33].

Heat in various ways, including: alteration
of pore water properties and transformation of
bentonite particles causes a considerable change in
the properties of clays. When bentonite is heated
to 150°C, the exchange cations lose their water
and their layers come close to each other [34].This
change in the properties of bentonite results in the
absorption of more cations by activated bentonite.

In Fig. 4, different thermal effects are observed.
The high endothermic peak at 100-120°C is
attributed to removal of the surface water and the
peak at 500-510°C is related to the removal of water
from the bulk. The reason for the peak at 660°C is
Hydroxide withdrawal from the montmorillonite
network [35].

3.2. Morphology Observations

Fig. 5 shows the SEM micrographs of bentonite
species. Also Fig. 5 shows that the montmorillonite
particles exist in format of large and small leaf
shape bowls. The porous micro-structured
bentonite samples are created by the accumulation
of larger particles. Micro associations have a series
of interactions between themselves and make it
possible to create porosities in different sizes [36].

According to the DLS analysis particle size
distribution was wide and the average size ranged
from 70 nm to 280 nm.

3.3. Adsorption process

Removal efficiency of Cu?* and Zn?** were shown
in Table 3. As seen in Table 3, the ion removal
efficiency increases with raising pH values. These
results show that the pH is an important parameter
affecting the removal of Cu*" and Zn?".Also the
adsorption parameters were obtained from the
Langmuir and Freundlich equations. The results of
this section are summarized in Table 4. From this
table we understand that the performance of the
Langmuir equation is better than the Freundlich
equation, because the R* value for Langmuir
equation is closer to unit. Clays have a layered
structure and have a negative charge. Because of
this negative charge, a layer of clay is used as a
suitable adsorbent in the removal of heavy metal
cations [37, 38].The adsorption of materials on
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the solid adsorbent is due to the force of attraction
between the adsorbent and the adsorbent surface.
The specific mechanisms and forces that attract the
dissolved material to the surface of the adsorbent
can be physical or chemical. The adsorption
mechanism is essentially that of mass transfer
of soluble molecules (metal cations) from the
aqueous solution mass to the surface of the Na-
bentonite adsorbent, then penetration from the
internal structure of the Na-bentonite particles to
the adsorption sites and the adsorption process is
carried out quickly. The adsorption process occurs
so rapidly that no resistance is observed during
the adsorption process, so that mass transfer and
intra-particle diffusion act as the determinant of
the adsorption rate [39].

Heat Flow (W/g)

110
1 1 1 1

' 1 A '
100 200 300 400 500 600 700 800 900
Temorature °C ez
Fig. 4- Thermal analysis for natural bentonite and modified
bentonite with sodium.
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Fig. 5- SEM micrographs of bentonite species.
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Table 3- Removal efficiency of Cu**and Zn?*

Initial concentration

Remaining concentration in

pH Removal efficiency (%)

(ppm) aqueous solution (ppm)
0.100 3.00 97.40
Cu? 5.00 0.229 5.30 95.42
0.279 7.30 94.42
1.240 3.00 75.20
Zn** 5.00 2.493 5.30 50.14
1.477 7.30 70.46

Table 4- Characteristic, parameters and determination coefficient of the experimental data according

to the degree of correlation Langmuir and Freundlich

Langmuir parameters

Freundlich parameters

X(mg/g) b(L/mg) R? K n R?
Zn* 18.52 0.092 0.9948 1.485 1.467 0.8461
Cu?** 19.92 3.461 0.9948 1.467 1.012 0.9312

3.4. Development of the regression model
equation

The obtained models for Cu** and Zn*" ions are
presented as (Eq.6) and (Eq.7) respectively:

Y, =81.4983+7.0758X,-10.287X ,+9.6259X -+
6.4521X, (6)

Y, =86.7374+9.2079X -8.1671X -11.7471X +
7.6110X,-6.9715X -4.7627X 2-7.3002X > 7)

Where “Y” illustrates adsorption of heavy
metal ions. X, X,, X, and X, show pH, pollutant
dosage, adsorbent dosage and time, respectively.
In these equations, positive or negative signs
relating to the different variables indicate
the effect of each on the adsorption process.
Negative signs specify antagonistic behavior
and positive signs indicate synergistic behavior.

3.5. Response surface methodology

In order to optimize the critical factors in the
process of heavy metals ion removal (Cu** and
Zn*") the experiments were performed by actions
the chosen adsorbent, RSM and CCD. According
to the Figs. 6 and 7, which represent the response
surface plots of ion removal (%) versus variable, the
response surface was an appropriate fit to the design.
These plots show values for pairs of variables at the
entry values of the others and arches of mapped
interactions between the variables.

The percentages of Cu’* and Zn*' removal
illustrate a significant positive relation with
adsorbent dosage. The interaction of adsorbent
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dosage with other variables illustrates a noticeable
relation between the rate of heavy metals removal
and adsorbent dosage. The transfer of adsorbate
molecules onto the wide surface of the adsorbent
led to a higher rate of adsorption. A higher removal
rate was observed in the case of Cu?* by increasing
the adsorbent dosage; this means that removal
percentage increased at a higher proportion of
adsorbent dose because of the higher content of
adsorbent site. In addition, Figs. 8 and 9 present
the effect of pollutant concentration on removal
percentage. The percentages of Cu?* and Zn?*
removal had a significant negative relation with
concentration of heavy metal ion. The rapid and
fast transfer of Cu** and Zn**ions to the bentonite
adsorbent led to a rapid occupation of the acceptor
sites. The results demonstrate that by increasing
the concentration of the pollutant, there was a
rapid initial adsorption rate due to the affinity of
ions to the vacant sites and then the driving force
caused a decrease in removal percentage relation
to the additional ions. The interaction of pH with
the other variables and adsorbent dosages is also
presented in Figs. 6 and 7. The 3D graphs depict
significant efficiency of pH on removal percentage.
At the first test, Cu** and Zn?* ions removal was
gradually improved by increasing the pH value.
This phenomenon can be attributed to interaction
of the surface charge of adsorbent and its available
sites with heavy metal ions at higher pH [40-42].
The results show that the initial adsorption rate
remained relatively constant. Meanwhile, the
variable of time was less effective on the adsorption
process.
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Fig. 6- Results of Cu** ( removal in response surface for the CCD: (a) C-pH, (b) adsorbent dosage-pH, (c) adsorbent dosage-C, (d)
Time-pH, (e) Time-adsorbent dosage and (f) Time- C.
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Fig. 7- Results of Zn** (removal in response surface for the CCD: (a) C-pH, (b) adsorbent dosage-pH, (c) adsorbent dosage-C, (d)
Time-pH, (e) Time-adsorbent dosage and (f) Time-C.
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110.1

N

7 148
C'*=110.1 mg/L

20
Y, =90 % df=0.9996

Fig. 8- Predicted optimum condition for Cu** removal.

Table 5- Analysis of variance, ANOVA, for response of the
surface model of Cu?*

105

N

35 140
Zn*'=105 mg/L

20
Y,,=90 % df-1.00

Fig. 9- Predicted optimum condition for Zn** removal.

Table 6- Analysis of variance, ANOVA, for response of the
surface model of Zn**

Source Coef. SECoef  F-value  P-value Source Coe f SE Coef  F-value  P-value

constant  81.4983 4.964 16.416 <0.0001 constant 86.7374 4.284 20.246 <0.0001
X1 7.0758 2.710 2.611 0.019 Xy 9.2079 2.338 3.938 0.001
X, 10.2876 2.710 -3.796 0.002 X, -8.1671 2.338 -3.492 0.003

X3 9.6259 2.710 3.552 0.003 X3 11.7471 2.338 5.023 <0.0001
Xy 6.4521 2.798 2.306 0.035 X4 7.611 2.414 3.153 0.006
X;? -4.9277 2.467 -1.997 0.063 X? -6.9715 2.129 -3.275 0.005
X;? -4.9852 2.467 -2.021 0.06 X;? -4.7627 2.129 -2.237 0.04
X;? -4.8065 2.467 -1.948 0.069 Xi? -7.3002 2.129 -3.429 0.003
X2 -2.1037 2.467 -0.853 0.406 X2 -2.4755 2.129 -1.163 0.262
X1 X, 5.9663 3.332 1.791 0.092 X1 X, 0.7294 2.875 0.254 0.803
X X;3 -5.7951 3.332 -1.739 0.101 X1 X3 -4.6294 2.875 -1.61 0.127
Xi Xy 1.6294 3.491 0.467 0.647 X1 Xy 1.056 3.013 0.351 0.731
X, X5 6.1799 3.332 1.855 0.082 X2 X3 2.2744 2.875 0.791 0.441
Xo Xy 1.3044 3.491 0.374 0.714 X Xy 3.9398 3.013 1.308 0.209
XXy -0.9732 3.491 -0.279 0.784 X3 X4 1.9102 3.013 0.634 0.53

3.6. CCD statistical analysis

Tables 5 and 6 show analysis of CCD responses
and results of ANOVA applied to adsorption
study of the heavy metals (Cu** and Zn** ions).
Qualification and adequacy were evaluated by
analysis of variance which was highly critical. The
p-value, which is reported in Table 5, illustrates
the significance of each variable and its relation
with other variables. As demonstrated in the
table, X, X, X, and X, were significant for Cu*
adsorption. Meanwhile, the mentioned variables
showed very small P-value (P<0.05). However,
their P-value was non-significant for the other
variables. Table 6 depicts the significance of
each variable for Zn** removal by p-value. By
considering the results, all X, X, X, X, Xlz, X22
and X ” are known as significant terms in the case
of Zn?* adsorption; however, XX, XX, XX,
XX, XX,, XX, and X42 are indicated as non-
significance terms.
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3.7. Optimization using the desirability function

Fig. 8 illustrates the results of Cu** removal under
specified conditions. D f value was 0.9996 in the
case of Cu?*, which shows satisfied assessment. On
the basis of these calculations, a desirability score
of 1.0 (90% removal) was obtained at optimum
conditions set as: 96.8 min of contact time, 2.1 g/L
of adsorbent dosage at pH of 7.3 and initial Cu**
concentration of 110.1 mg/L.

Fig. 9 shows the results of Zn** removal that
represent high d f value (d f=1), also by using
these conditions, the maximum zinc ions removal
efficiency was achieved at 73.1 min contact time,
2 g/L adsorbent dosage, pH 6.9 and initial Zn**
concentration of 105 mg/L. These results show
conformity of the model with the experimental
removal efficiency of the tested heavy metals.

Table 7 demonstrates the optimized values for
removal of each metal. It should be mentioned
that metal ions removal experiments in optimum
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conditions was accomplished three times in order
to examine accuracy of model. The results of Cu?**
and Zn** removal indicated error at 2.04% and
3.33%, respectively. These points represent aptness
and accuracy of the model.

3.8. Development of the regression model
equation

Tables 8 and 9 illustrate the matrix and the
results of CCD for Cu** and Zn* ions. As seen in
Tables 8 and 9, the maximum removal of copper
and zinc ions is occurred in Run 15 ({X =0, X,=0,
X,=2 and X =0} and { X =2, X =0, X,=0 and X,=0}
for zinc ions), respect.

The values of coefficients which were expressed

by CCD method (R? = 0.80 for Cu**and R? = 0.85 for
Zn**), admitted acceptable quality of the mentioned
polynomial model as shown in the Fig. 10.

4. Conclusion

In this study, statistical methodology and CCD
were applied determining optimal conditions
for heavy metals adsorption by the modified
bentonite. For comparison the adsorption
capacity, activated charcoal was used. The results
showed that, adsorption capacity of Na-bentonite
was 1.5 times higher than that of natural bentonite
and activated charcoal. The removal rate of zinc
and copper cations was 60-65% in the column
containing activated charcoal, while in the

Table 7- Optimized values of variables for heavy metal ions (Cu2+andzZn2+)

Initial pH  Co(mg/L)  Adsorbent (g/L)  Time (min) Efficiency (%)
predicted  Experimented
Cu** 7.3 110.1 2 96.8 91.0 88.2
Zn** 6.9 105 2.1 73.1 91.0 87.1

Table 8- Experiment design matrix and response results for Cu®*

Table 9- Experiment design matrix and response results for Zn?*

Run X, X, X; X, Removal(%) Run X, X5 Xs X4 Removal(%)
1 0 0 0 0 88.49 1 0 0 0 0 80.92
2 0 0 0 0 84.68 2 0 0 0 81.64
3 2 0 0 0 100 3 -1 -1 -1 -1 50.36
4 0 0 0 0 86.06 4 1 1 1 1 89.35
5 1 -1 -1 1 72.89 5 0 0 0 -2 65.45
6 1 1 1 -1 59.07 6 1 -1 1 -1 50.78
7 0 0 0 0 88.83 7 0 0 0 0 81.77
8 -1 -1 -1 -1 45.37 8 0 0 0 0 81.99
9 -1 -1 1 1 84.5 9 1 -1 1 61.52
10 1 -1 1 -1 64.16 10 0 2 0 0 34.59
11 0 0 -2 0 32.76 11 -1 1 1 -1 56.42
12 0 0 0 -2 72.68 12 0 0 -2 0 36.75
13 0 2 0 0 48.09 13 0 -2 0 0 94.98
14 -1 1 1 -1 50.27 14 1 -1 -1 37.66
15 0 0 2 0 95.03 15 2 0 0 100
16 1 -1 1 1 80.66 16 0 0 0 2 88.74
17 -1 1 1 1 76.66 17 -1 -1 -1 74.05
18 1 -1 -1 -1 71.07 18 -2 0 0 0 30.03
19 0 -2 0 0 100 19 -1 -1 1 -1 83.85

20 0 0 0 0 88.14 20 0 0 0 0 80.12
21 0 0 0 0 85.53 21 -1 1 1 1 64.78
22 -1 -1 -1 70.12 22 0 1 -1 1 37.72
23 -1 1 -1 -1 29.92 23 -1 0 0 0 81.39
24 -2 0 0 0 30.42 24 -1 -1 1 1 91.47
25 0 0 0 2 94.46 25 0 1 1 -1 63.89
26 1 1 1 1 85.59 26 -1 1 -1 - 30.46
27 1 1 -1 1 68.51 27 1 -1 -1 -1 73.8
28 1 1 -1 -1 35.35 28 1 1 -1 1 61.15
29 -1 1 -1 1 42.92 29 0 0 2 0 94.25
30 -1 -1 -1 1 51.66 30 1 -1 -1 81.28
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Fig. 10- The experiment removal data versus the predicted data of Cu?* and Zn%.

column containing Na-bentonite it was 90-95%.
Response surface plots were used to investigate
the interactive effects of the variables (initial
concentration of metal ions, pH, adsorption
time and adsorbent dosage) on the response
(heavy metal ion removal). Next, examination
by regression analysis of the experimental data
was attained from 30 runs. By considering the
desirability function, optimization of factors
determined the following conditions for Cu®*:
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