358

© IWA Publishing 2017 Water Science & Technology

|

75.2

|

2017

Application of Box–Behnken design for modeling of lead
adsorption onto unmodiﬁed and NaCl-modiﬁed zeolite
NaA obtained from biosilica
Pinar Terzioğ lu, Sevil Yücel and Mehmet Öztürk

ABSTRACT
The main objective of the present study was to optimize lead adsorption onto zeolite NaA. For this
purpose, to synthesize zeolite NaA under hydrothermal conditions, local wheat husk was precleaned
with chemical treatment using hydrochloric acid solution. The unmodiﬁed (ZU) and NaCl-modiﬁed
(ZN) zeolites were characterized by Brunauer–Emmett–Teller, scanning electron microscopy coupled
with energy dispersive spectroscopy and X-ray diffraction. The optimization of adsorption process
was examined using Box–Behnken Experimental Design in response surface methodology by Design
Expert Version 7.0.0 (Stat-Ease, USA). The effects of initial lead (II) concentration, temperature, and
time were selected as independent variables. Lack of ﬁt test indicates that the quadratic regression
model was signiﬁcant with the high coefﬁcients of determination values for both adsorbents.
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W

Optimum process conditions for lead (II) adsorption onto ZU and ZN were found to be 64.40 C and
64.80 C, respectively, and 90.80 min, and 350 mg L1 initial lead(II) concentration for both
W

adsorbents. Under these conditions, maximum adsorption capacities of ZU and ZN for lead (II) were
293.38 mg g1 and 321.85 mg g1, respectively.
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INTRODUCTION
Zeolites hydrated crystalline aluminum silicate solids have
attracted more attention due to having wide industrial applications, especially in chemical separation processes as
sorbents and catalysts (Azizi et al. ). Usually, zeolites
are categorized into natural and synthetic groups. To date,
approximately 213 types of synthetic zeolite were deﬁned
by the International Zeolite Association. Synthetic zeolites
are preferred because of having controllable properties
such as surface area, pore size, and porosity. Among the synthetic zeolites, zeolite NaA offers the greatest potential for
separation processes, and shape-selective catalysis makes it
commercially signiﬁcant (Loiola et al. ). Moreover, zeolite NaA is a low silicon to aluminum ratio zeolite that has
high cation exchange capacity.
Wheat husk ash, the byproduct of agricultural based
industry, is primarily composed of amorphous silica and
other minerals such as calcium, iron, potassium, magnesium
and sodium (Terzioğlu et al. ). Wheat husk ash engenders a disposal problem on account of having no
doi: 10.2166/wst.2016.526
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convenient treatment methodology. Currently, Terzioglu
et al. evaluated the wheat husk ash as a low-cost silica
source for the synthesis of barium, calcium and magnesium
silicate (Terzioğlu & Yucel ; Terzioğlu et al. ). The
previous studies have shown that it is possible to use
wheat husk as a practical silica source. Therefore, wheat
husk ash rich in amorphous silica is suitable for recycling
to synthesize porous materials such as zeolites.
Lead is one of the highly toxic heavy metals brought into
aquatic ecosystems by various industrial streams, such as
lead-acid battery manufacturing, construction, electronic,
fossil fuel, paint, metal phosphate fertilizer, and metal plating. Lead causes several health problems including
anemia, chills, diarrhea, headache, and also damaging of
the central nervous and reproductive systems (Singh et al.
). The removal of lead from wastewater streams has signiﬁcance for the protection of public health (Azizi et al.
). To eliminate adverse effects of lead, various removal
techniques have been investigated. Among them, adsorption
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has been proposed as an alternative treatment due to its
better performance, the presence of several adsorbents
with low cost, simple handling and short operation time
(Ramakul et al. ). Zeolites are widely used as adsorbents
to remove heavy metals from wastewaters (Kaya & Oren
; Nibou et al. ; Ali et al. ; Azizi et al. ).
Experimental design is very helpful to understand better
and improve process efﬁciency that gives information about
the interactive effects of the several factors affecting the
response (Madala et al. ). Nowadays, the Box–Behnken
design is being adopted to optimize the adsorption processes
which is the most frequently used combination design of the
response surface methodology (RSM) model (Murugesan
et al. ). The requirement of fewer experiments against
other RSM designs is the primary advantage of the Box–
Behnken design.
In this study, zeolite NaA was prepared from wheat
husk silica and modiﬁed with sodium chloride. The adsorbents were characterized via different techniques such as
Brunauer–Emmett–Teller
(BET),
scanning
electron
microscopy-energy dispersive spectroscopy (SEM-EDS),
and X-ray diffraction (XRD). The main goal of the study
was to investigate the application of Box–Behnken design
to predict adsorption capacity of zeolite NaA samples for
the removal of lead (Pb(II)) ions from aqueous solution.
The operating conditions were optimized as a function of
the initial Pb(II) ions concentration, temperature, and time.

EXPERIMENTAL
Materials
The sodium hydroxide (NaOH), hydrochloric acid (HCl),
lead (II) nitrate (Pb(NO3)2) and sodium aluminate
(NaAlO2) were purchased from Sigma-Aldrich (Steinheim,
Germany). The wheat husk samples as a precursor of biosilica were provided from Doruk Marmara Flour Factory,
Tekirdağ, Turkey. Deionized water was used to prepare all
the solutions.
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(1 mol L1) and stirred for 24 h. The zeolite was washed
with deionized water and dried overnight at 105 C.
W

Characterization of adsorbents
BET analysis (NOVA 2200e Quantachrome) was carried out
to determine average pore diameter, speciﬁc and micro pore
surface area, total and micro pore volume of zeolites after
degassing at 120 C for 4 h. SEM images of both zeolite
samples were taken, using JEOL JSM-7600 F. XRD analysis
was performed to investigate the chemical composition and
crystal structure of zeolites on a Philips Panalytical X’Pert
Pro, The Netherlands, with CuKα using an acceleration voltage of 45 kV and a current of 40 mA over a range 5 < 2θ <
90 with step size 0.03.
W

W

W

Adsorption studies
The adsorption experiments were performed by using batch
equilibration methods. In typical adsorption experiments,
100 mg of zeolite was added to 100 mL of a Pb(II) nitrate
aqueous solution in 250 mL conical ﬂasks. Adsorption
experiments were investigated at three different temperatures (25, 45 and 65 C), times (40, 80 and 120 min) and
initial Pb(II) concentration (150, 250 and 350 mg L1) at
pH 5.5. During the adsorption, the pH of the suspension
was ﬁxed at pH 5.5 by adding NaOH (0.1 N) or HCl
(0.1 N) solution. The suspensions were shaken at 160 rpm
using a water bath (Memmert WBN 7–45). A stock solution
(1,000 mg L1) was prepared by dissolving analytical
reagent grade Pb(NO3)2 (Sigma-Aldrich) in distilled water.
The desired concentration of Pb(II) was prepared by diluting
the stock solution (1,000 mg L1). After each adsorption
experiment, the zeolite was separated from aqueous solution
by a polytetraﬂuoroethylene (PTFE) syringe ﬁlters (0.45 μm).
The residual lead concentration was determined by atomic
absorption spectrometry (AAS) using an Agilent 240FS AA
Fast Sequential Atomic Absorption Spectrometer with an
air-acetylene ﬂame (2.00/13.50 L min1) and a hollow cathode lamp at 217 nm. The adsorption capacities of the
zeolites were calculated according to the following
equation:
W

Synthesis of adsorbents
Synthesis of zeolite NaA (ZU) was carried out according to
the procedure that was mentioned in our previous study
with the modiﬁcation of crystallization time as four days
(Terzioğlu et al. ). To prepare NaCl modiﬁed sample
(ZN), 10 g of ZU was added to 100 mL of NaCl solution
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q¼

(Co  Ce ) × V
m

where q is the adsorption capacity at equilibrium (mg g1), V
is the volume of the solution (L), m is the weight of adsorbent (g), Co and Ce are the initial and ﬁnal concentration
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of Pb(II) (mg L1), respectively. All experiments were conducted three times, and arithmetic averaged results were
presented.
Box–Behnken experimental design
The three level, three factorial Box–Behnken experimental
design containing ﬁve replicates at the center point was
used to unearth the optimum conditions for maximum
Pb(II) adsorption by zeolite NaA. For statistical calculations,
the three independent variables were designed as temperature (x1), time (x2) and initial Pb(II) concentration (x3)
with the coded values at three levels as 1 (low), 0 (central
point), and þ1 (high). Analysis of variance (ANOVA) with
the help of Design Expert software was used to determine
the interaction between design variables and the response.
Model terms were chosen when p-value (probability) was
with a 95% conﬁdence limit.
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production of zeolite NaA. The Na content of ZN was
116.35% more than ZU.
The surface area of ZN sample (5.87 m2 g1) was found
to be higher than ZU sample (2.75 m2 g1). In accordance
with the previous publication (Lin et al. ), a signiﬁcant
increment in the average pore diameter, surface area and
total pore volume of zeolite was observed after the sodium
treatment (Table 2).
The XRD patterns of zeolite NaA and the NaCl-modiﬁed zeolite NaA are presented in Figure 2. The XRD
patterns revealed that the major phase in the zeolites
was zeolite A (Na92.71(Si96.96 Al95.04 O384)(H2O)254.64)
and the minor phase sodium aluminum silicate
hydrate (Na8Si6Al6O24(OH)2(H2O)2). From the XRD patterns, no signiﬁcant changes in the positions were
determined, but the intensity of diffraction peaks
showed differences. The present ﬁndings show that the
crystal structure of ZU was not distorted after NaCl modiﬁcation process. Similar results were found by Baskan &
Pala ().

RESULTS AND DISCUSSION
Characterization of adsorbents

Speciﬁcation of the regression model and statistical
analysis

SEM micrographs of zeolite NaA samples are given in Figure 1.
The ZU and ZN crystals were round-like with a particle size of
2.28–2.93 μm and 1.0–1.89 μm, respectively. The particle size
of ZU was decreased after NaCl modiﬁcation process.
Table 1 shows the elemental compositions of ZU and
ZN samples. The SEM-EDS results showed that silicon to
aluminium ratio of zeolites was 1:1.06 conﬁrming the

A well-ﬁtted regression model of adsorption process was
determined by statistical analysis. The Box–Behnken
design matrix together with observed and predicted experimental response values are summarized in Table 3. The
following second-order polynomial equation were performed to ﬁnd out the Pb(II) sorption capacity of ZU and
ZN, respectively:

Figure 1

|

SEM micrographs of (a) ZU and (b) ZN (×10,000).
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The average elemental composition of ZU and ZN samples

Element (%,atomic)

ZU

ZN

Zeolite NaAa

Si

11.91

11.50

10.80

Al

11.16

10.84

10.80

Na

12.11

14.09

10.80

O

64.49

63.22

67.60

Au

0.33

0.35

–

Si/Al

1.06

1.06

1.00

a

Calculated from the chemical formula of zeolite NaA.

Table 2

|

The surface area, average pore diameter and total pore volume of ZU and ZN
samples

ZU
2

1

BET surface area (m g )
3

1

Total pore volume (cm g )
Average pore diameter (nm)

ZN

2.75
0.002
17.66

5.87
0.018
45.75

qZU ¼ 218:37800 þ 10:66875 x1 þ 3:28125
x2 þ 77:16250 x3  0:91750 x1 x2 þ 4:11500
x1 x3  0:39500 x2 x3  6:67275

x21  4:17275

Figure 2

x22  10:33025 x23
qZN ¼ 238:51800 þ 11:48125 x1 þ 4:41625 x2 þ 77:55500
x3 þ 1:70750 x1 x2 þ 8:27000 x1 x3  1:79500 x2 x3
þ 1:53725 x21  9:61775

x22  15:71525 x23

(2)

where qZU and qZN are the predicted responses for the
Pb(II) removal capacity of adsorbate, and x1, x2 and x3
are the coded values of independent variables, temperature, time and initial Pb(II) concentration, respectively.
As can be seen from Table 3, Pb(II) uptake capacities
were in the range of 140.76–321.33 mg g1 for ZN
and 118.13–292.85 mg g1 for ZU. It can be pointed
out that ZN has greater Pb(II) adsorption capacity than
ZU.
The ANOVA is necessary to examine the signiﬁcance and
the ﬁt of the second-order polynomial equation (Yetilmezsoy
et al. ). Results of ANOVA for the model used to predict
Pb(II) uptake on each adsorbate were given in Table 4. The
regression models indicated that the quadratic model was
highly signiﬁcant, as was evident from the high value of
Fisher variation ratio (Fmodel ZU ¼ 5333.27, Fmodel ZN ¼
5257.66) with a very low probability value (p < 0.0001). The
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XRD patterns of (a) ZU and (b) ZN.

(1)
tabulated F-value for ZU and ZN were found to be 47.74
and 32.32, respectively. It can be concluded that the treatment combinations had statistical signiﬁcance since the
tabulated F-values were smaller than the calculated Fvalues. Adequate precision ratios were 225.581 and 241.118
for Pb(II) adsorption models with ZU and ZN, respectively,
showed the presence of the adequate signal to noise due to
being much greater than the least desirable amount of 4.0
(Ahmadi et al. ).
Smaller p-values (p < 0.05) imply the signiﬁcance of each
coefﬁcient (Table 4). It was determined that the ﬁrst-order
main effects of all three variables, temperature (x1), time
(x2), and concentration (x3) were highly signiﬁcant (p <
0.0001). Furthermore, very small respective p-values of the
second-order main effects of all three variables (x21, x22, x23)
indicated that they were also signiﬁcant. The interactive
effects of temperature and time, temperature and concentration, concentration and time were also signiﬁcant for
adsorption onto ZN. However, the interactive effects of temperature and time, concentration and time for adsorption onto
ZU were insigniﬁcant since the p-value were higher than 0.05.
The goodness of ﬁt of the models was stated by the value of
determination coefﬁcient (R2). The R2adj and R2 were closed to
each other represented that there are not any excessive

P. Terzioğ lu et al.

362

Table 3

|

|

Modelling of lead adsorption onto zeolite NaA

Water Science & Technology

|

75.2

|

2017

The Box–Behnken design matrix and the comparison of observed and predicted results for the adsorption of Pb(II) ion onto ZU and ZN
1

Sorption capacity (q, mg g
Independent variables

)

ZN

W

1

Run

Temperature (x1, C)

Time (x2,minute)

Concentration (x3, mg L

1

25

40

2

65

40

3

25

4

65

5
6

Observed

Predicted

Observed

Predicted

250

215.16

216.25

192.25

192.67

250

235.03

235.80

217.01

215.84

120

250

222.43

221.67

199.89

201.06

120

250

249.13

248.04

220.98

220.57

25

80

150

143.89

143.57

118.13

117.66

65

80

150

149.99

150.00

129.65

130.77

7

25

80

350

282.15

282.14

264.87

263.75

8

65

80

350

321.33

321.65

292.85

293.32

9

45

40

150

130.19

129.42

122.98

123.04

10

45

120

150

140.76

141.84

131.09

130.39

11

45

40

350

289.20

288.12

277.45

278.15

12

45

120

350

292.59

293.36

283.98

283.92

13

45

80

250

238.31

238.52

218.24

218.38

14

45

80

250

238.45

238.52

218.65

218.38

15

45

80

250

238.99

238.52

218.32

218.38

16

45

80

250

238.35

238.52

218.12

218.38

17

45

80

250

238.45

238.52

218.65

218.38

Table 4

|

)

ZU

ANOVA results of the regression model for optimization of Pb(II) adsorption

Sum of squares

Mean square
ZU

p-value

F value
ZN

ZU

ZN

ZU

ZN

<0.0001

<0.0001

Factors

ZU

ZN

df

Model

49480.96

51127.49

9

5497.88

5680.83

5333.27

5257.66

x1

910.58

1054.55

1

910.58

1054.55

883.31

976.00

<0.0001

<0.0001

x2

86.13

156.03

1

86.13

156.03

83.55

144.40

<0.0001

<0.0001

x3

47632.41

48118.22

1

47632.41

48118.22

46206.26

44533.85

<0.0001

<0.0001

x1 x2

3.37

11.66

1

3.37

11.66

3.27

10.79

0.1137

0.0134

x1x3

67.73

273.57

1

67.73

273.57

65.70

253.19

<0.0001

<0.0001

x2x3

0.62

12.89

1

0.62

12.89

0.61

11.93

0.4620

0.0106

x21

187.48

9.95

1

187.48

9.95

181.86

9.21

<0.0001

0.0190

x22

73.31

389.48

1

73.31

389.48

71.12

360.47

<0.0001

<0.0001

x23

435.87

962.41

<0.0001

<0.0001

47.74

32.32

0.0014

0.0029

449.32

1039.87

1

449.32

1039.87

Residual

7.22

7.56

7

1.03

1.08

Lack of ﬁt

7.02

7.26

3

2.34

2.42

Pure error

0.20

0.30

4

0.049

0.075

49488.18

51135.05

Cor total
2

ZU, ZN: R ¼ 0.9999 and

R2Adj ¼

16

0.9997.
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variables. The determination coefﬁcient values of 0.9999 for
both adsorbents signiﬁed the good ﬁtness of regression
models for predicting the Pb(II) sorption capacity results.
The high value of R2adj (0.9997) indicated a high signiﬁcance
of the model (Can et al. ). Additionally, the coefﬁcient of
variation (CVZU ¼ 0.49%, CVZN ¼ 0.46%) values were low
due to a good deal of the credibility of the performed experiments and the extremely high degree of precision
(Yetilmezsoy et al. ).
The numerical analysis of the response surface was applied
to evaluate the optimum process conditions. The optimum level
of variables for Pb(II) adsorption were found to be 64.40 C,
90.80 min and 350 mg L1 initial concentration with
293.38 mg g1 sorption capacity by ZU, while optimum conditions for ZN with 321.85 mg g1 sorption capacity were
64.80 C, 90.80 min and 350 mg L1 initial Pb(II) concentration.
W

W

Effect of process variables on Pb(II) adsorption
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; Simsek et al. ). Hence, the response surface plots
were given in Figures 3 and 4 to gain a better understanding.

Effect of temperature
The effect of temperature on Pb(II) adsorption capacities of
samples can be deduced from Figures 3(a), 3(b) and 4(a),
4(b). In the present study, the adsorption experiments
were carried out at different temperatures ranging from 25
to 65 C. It was determined that increasing the temperature
increases the adsorption capacities of both samples. The
equilibrium Pb(II) adsorption capacity of ZU rise from
192.25 mg g1 at 25 C (run number 1) to 217.01 mg g1 at
65 C (run number 2). The increment of Pb(II) adsorption
capacity of ZN with the increase of temperature was clearly
in agreement with that of ZU. Similarly, Buasri et al. ()
reported that Pb(II) adsorption capacity of natural
clinoptilolite was increased from 50 mg g1 at 30 C to
58.75 mg g1 at 75 C. These observations demonstrated
that the adsorption process had an endothermic behavior
for both samples. The provided results of this study agree
with the results previously found for the uptake of Pb(II)
W

W

W

W

W

The three-dimensional (3D) response surface plots are very
useful in order to analyze the relationship between the
three important variables and response (Yetilmezsoy et al.

Figure 3

|

3D response surface plots exhibiting the interactive effects of (a) temperature (x1) and time (x2), (b) temperature (x1) and initial concentration of Pb(II) ions (Ci, x3), (c) initial
concentration of Pb(II) ions (Ci, x3) and time (x2), on adsorption capacity of ZU.

Figure 4

|

3D response surface plots exhibiting the interactive effects of (a) temperature (x1) and time (x2), (b) temperature (x1) and initial concentration of Pb(II) ions (Ci, x3), (c) initial
concentration of Pb(II) ions (Ci, x3) and time (x2), on adsorption capacity of ZN.
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ions by various adsorbents as active carbon (Mengistie et al.
), carbon aerogel (Goel et al. ) and clinoptilolite
(Buasri et al. ).
Effect of contact time
The uptake of Pb(II) by zeolites was examined at different
time intervals ranging from 40 to 120 min. Variations of
Pb(II) adsorption capacities of samples with time can be
inferred from Figures 3(a), 3(c) and 4(a), 4(c). Increasing
the contact time from 40 to 120 min increased the percentage removal of Pb(II) ions by zeolites. During the ﬁrst 40
min, rapid uptake of Pb(II) was noticed. From 40 to 120
min, the Pb(II) uptake increased and reached equilibrium
at around 120 min (Table 3). This view is supported by the
ﬁndings of Huang et al. ().
Effect of initial Pb(II) concentration
Lead(II) adsorption onto zeolites was carried out at three
levels of initial Pb(II) concentrations, ranging from 150 to
350 mg L1. Figures 3(b), 3(c) and 4(b), 4(c) show the
effect of the initial Pb(II) concentration on the uptake
capacity of ZU and ZN. In this case, initial Pb(II) concentration had a prominent favorable inﬂuence on the
quantity of Pb(II) adsorbed onto both samples. In the performed initial Pb(II) concentration range, the maximum
Pb(II) uptake capacity was achieved at the maximum
Pb(II) concentration of 350 mg L1. This can be explained
by the fact that at higher concentrations there is a higher
probability of collision between active sides of adsorbents
and heavy metal ions base on the higher mobility of ions
and fast diffusion (Avcı Tuna et al. ). The adsorption
capacities of ZU were 118.13, 192.25 and 264.87 mg g1
for initial Pb(II) concentration of 150, 250 and 350 mg L1,
respectively. Adsorption capacities of ZN were obtained as
143.89, 215.16 and 282.15 mg g1 for initial Pb(II) concentration of 150, 250 and 350 mg L1, respectively.

CONCLUSIONS
In this study, application of biosilica based zeolites for
adsorption of lead ions was investigated by an RSM with
the Box–Behnken design. Temperature (25–65 C), contact
time (40–120 min) and initial Pb(II) concentration
(150–350 mg L1) were chosen as the independent variables. The amount of Pb(II) ions adsorbed onto zeolites
increased with the increasing initial concentration,
W
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temperature and prolonged contact time. The ANOVA
results clearly suggests that the adsorption of Pb(II) ion
onto zeolite samples was highly signiﬁcant based on very
low p-values. ZN is a more efﬁcient adsorbent for the
adsorption of Pb(II) from aqueous solution when compared
with ZU. Summarizing, the reduction of cost by utilizing
waste materials and comparatively simple evaluation of
the inﬂuence of process parameters makes adsorption of
Pb(II) ion from aqueous solutions economically feasible.
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