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The removal of Pb(Il) ions from aqueous solutions by chemically modified walnut shells was studied.
A 24 full factorial design analysis was performed to screen the variables affecting Pb(II) removal effi-
ciency. The effects of solution pH, adsorbent dose, initial concentration of Pb(II) ions, and temperature
on metal removal efficiency were examined in a batch system. Using the experimental results, a lin-
ear mathematical model representing the influence of the different variables and their interactions was

l<eyworqs: obtained. Analysis of variance (ANOVA), F-test and Student’s t-test showed that Pb(II) ions adsorption
Adsorption . . . . .

Walnut shell is only slightly temperature dependent, but markedly increases with adsorbent dose and solution pH.
Ph(Il) The initial concentration of Pb(Il) ions had a relatively small negative effect on removal efficiency. The

Factorial design
Simplex method

optimization of the statistically significant factors was carried out using a modified simplex method. The
recommended optimum conditions were: adsorbent dosage of 13.5 g/L, solution pH of 6.3, initial metal

concentration of 45.3 mg/L, with the Pb(Il) removal efficiency of 98.2%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal pollution is a significant environmental problem
due to its toxic effects, non-biodegradability, accumulation in liv-
ing tissues and food chain and, hence, in the human body. Heavy
metals are released from various industrial processes and increase
the concentration of heavy metals in aquatic systems, causing seri-
ous environmental problems. Therefore, it is necessary to remove
metal ions from industrial wastewater before discharging itinto the
environment. Lead is an extremely toxic metal listed as a priority
pollutant [1]. The major sources of lead pollution are the discharg-
ing of waste streams from battery manufacturing, metal plating,
mining and finishing, printing, ammunition, metallurgical alloying,
and ceramics and glass industries [2,3]. Even at relatively low con-
centrations, lead can cause serious health issues in the human body,
including irreversible brain damage and injury to the blood forming
systems [4,5].

General treatment techniques for metal bearing effluents are
chemical precipitation, membrane filtration (reverse osmosis,
nanofiltration, etc.), electrolyte reduction, solvent extraction, ion
exchange, and adsorption [6-8]. Of these metal removal methods,
adsorption is the most common practice due to technological and
cost advantages. The application of conventional adsorbents such
as granular or powdered activated carbon is usually limited due
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to their high cost [9]. Non-conventional low cost materials have
been tested on a large scale for Pb(Il) removal, such as sawdust
[3,4,10,11], rice bran [12], grape stalk waste [13], hazelnut and
almond shells [14], wheat bran [2], peanut husk [10,15], fly ash
[16], tea waste [1,17], the carbon of nut shells [18], and rice husk
[11].

Instead of the traditional one-variable-at-a-time experiments
which were used by the majority of previous researchers to deter-
mine the individual effect of various factors on lead adsorption
processes [2-4,8,10,11,13,18-22], factorial design technique can be
employed to reduce the number of experiments, time and overall
research cost. The factorial design method determines which fac-
tors have significant effects on a response as well as how the effect
of one factor varies according to the level of the other factors [23].
Recently, a number of investigations have been conducted using
this technique to model heavy metal adsorption processes [23-31].
However, there are limited studies concerning the application of
this method to the adsorption of Pb(II) cations [23,32-36].

The optimization of conditions in pollutant removal is impor-
tant in waste water treatment. Simplex is a simple and efficient
optimization algorithm which has been used previously to opti-
mize phosphorus and phenol removal [37,38]. Ricou-Hoeffer et al.
[35] have also optimized two parameters of sorbent concentration
and solution temperature for Cu?*, Ni2*, Zn?*, Cd2* and Pb2* uptake
through the application of this technique.

Iran ranks fourth in walnut production worldwide, producing
about 290,000 metric tons of walnut per year. Consequently, walnut
shell as an agricultural by-product is available in large quantities
in Iran [39]. In the present work, a chemically modified walnut
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Table 1
Experimental ranges and levels of the factors studied in the factorial design.

Factor Coded symbol Range and level
-1 +1
pH A 2 10
Adsorbent dose (g/L) B 1 20
Initial metal concentration (mg/L) C 10 90
Temperature (°C) D 15 45

shell was selected as an effective, economical and readily available
adsorbent material for the treatment of lead contaminated aqueous
solutions. The main objectives of this work were, on the one hand, to
investigate the effect of pH, adsorbent dose, initial metal concentra-
tion, and temperature on the adsorption of Pb(Il) onto the modified
walnut shell, and, on the other hand, to optimize the conditions for
Pb(II) removal. Following the determination of the statistically sig-
nificant parameters through factorial design, the modified simplex
method was also applied to find out the optimum conditions for
the removal of Pb(II) ions.

2. Materials and methods
2.1. Adsorbent

Walnut shell which is available in large quantities in Iran was
selected as adsorbent. Crushed walnut shell was sieved in the size
range of 0.6-2.0mm and then washed with distilled water until
the supernatant solution became clear. Next, the shell was dried at
room temperature in order to evaporate the moisture. To extract
soluble organic compounds from walnut shell, 20 g of dried walnut
shell was treated with 200 ml of 1.0M NaOH in a shaker at 25°C
for 24 h. The mixture was filtered and washed several times with
distilled water to remove the excess NaOH from the treated wal-
nut shell. Finally, the material was dried and stored in an airtight
container for further use.

2.2. Adsorbate solution

A 1000 mg/1 Pb(Il) stock solution was prepared by dissolving
Pb(NO3), in acidified distilled water (a mixture of 10 ml of HNO3
and 100 ml of distilled water). The solutions of different concen-
trations required for the adsorption experiments were prepared by
the dilution of the stock solution with distilled water. All the chem-
icals used in this research were analytical reagent grade products
from Merck, Germany. Distilled water was used throughout this
research to prepare the required solutions.

2.3. Adsorption experiments

In order to determine the factors that influence the removal
of Pb(Il) by modified walnut shell, and to investigate the inter-
action effects of various parameters, a two-level, four-factor, full
factorial design of experiments was applied. For this purpose, four
factors, namely pH, adsorbent dose, initial concentration of Pb(II)
and temperature were varied at two levels as shown in Table 1. The
adsorption of Pb(II) was studied using a batch procedure and results
were indicated in the form of the percentage of Pb(Il) ion removal
by use of modified walnut shell. For each run, weighted amounts of
adsorbent were added to flasks containing 200 ml of metal aqueous
solution and pH was adjusted to the desired value by using 0.1 M
NaOH or HCI solutions as needed. The flasks were agitated in an
incubated rotary shaker at 65 rpm for 5h. The suspensions were
then filtered and the lead content in the filtrates was determined
through air acetylene flame atomic adsorption spectrometry. A Shi-
madzu A-A 680 (Japan), atomic absorption spectrophotometer was

used as detector with hollow cathode lamp source set at 117.0 nm
wavelength using 10 mA lamp current and 0.5 nm slit width. Six-
teen experiments with all possible combinations of variables were
duplicated in random order, and a matrix was created according to
their low and high levels, represented by —1 and +1, respectively.

2.4. Simplex method

Simplex is a simple and efficient optimization algorithm that
can find the global extreme of functions with fewer trials than the
non-systematic approaches or the one-variable-at-a-time method.
This method is based on an initial design of k+1 trials, where k is
the number of variables. After the initial trials, the simplex process
is sequential, with the addition and evaluation of one new trial at
a time.

In order to improve the performance of the simplex method,
many modifications have been proposed. In the modified simplex
method, convergence can be achieved more quickly by expansion
or contraction along the line of reflection [37,40]. In this study mod-
ified simplex optimization was performed using the MultiSimplex®
2.1 software. The implementation of the algorithms is described
in detail in the software manual. The three statistically significant
main factors of the process (pH, adsorbent dose and Pb(II) ini-
tial concentration) were selected as the control variables, with the
response variable being the percentage of Pb(Il) ion removal. The
objective of this project was to maximize the Pb(Il) ion removal as
much as possible.

The initial design space was constrained with lower and upper
bounds on each control variable, which was 2 and 10 for the pH,
1 and 20g/L for the adsorbent dose and 10 and 90 mg/L for the
initial concentration of Pb(II) ions, respectively. When an exper-
iment design is outside of the defined domain, the simplex will
determine another experiment within the allowable range of con-
ditions. The starting points of the simplex were determined using
the MultiSimplex® software by the assignment of a reference value
and a step size for each variable. The assigned values were sug-
gested in such a way so as to cover a wide range of values in the
factor space in order to avoid the results being confined to a local
minimum all the time.

The basis for the simplex algorithm comes from geometry. For
the optimization of three variables, the simplex takes the form of a
tetrahedron. Each vertex corresponds to a set of experimental con-
ditions. In the initial simplex, after ranking the vertices from worst
to best, the worst one is rejected and a new simplex is established
by calculating the conditions of the new vertex corresponding to
a contraction on the reflection side using the modified simplex
procedure as suggested by Nelder and Mead [41]. This procedure
was then repeated until the maximum response value was reached
(when the responses could not be improved further).

3. Results and discussion
3.1. Characterization of modified walnut shell

Modified walnut shell was characterized by using a scanning
electron microscope. The scanning electron microscopy (SEM)
investigations of the modified walnut shell were conducted to
examine the morphological and surface characteristics of the adsor-
bent. Fig. 1 displays the SEM image of NaOH modified walnut shell.
Itis obvious from this figure that modified walnut shell has anirreg-
ular and porous surface which makes it appropriate for adsorption
purposes. The specific surface area of walnut shell was 118 + 5 m?/g
which was determined according to the technique described by
Araujo and Jaroniec [42], using a lab-made thermogravimetric (TG)
analyzer.
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Table 2
Factorial design experimental data.

745

Run no. Coded values of independent variables Pb(II) removal (%) Pb(IT) removal (%)
A B C D Trial 1 Trial 2 Average

1 -1 -1 -1 -1 3.94 6.68 531

2 +1 -1 -1 -1 52.48 54.02 53.25

3 -1 +1 -1 -1 87.07 80.29 83.68

4 +1 +1 -1 -1 88.25 89.69 88.97

5 -1 -1 +1 -1 1.31 1.19 1.25

6 +1 -1 +1 -1 75.36 77.88 76.62

7 -1 +1 +1 -1 68.02 60.42 64.22

8 +1 +1 +1 -1 80.54 80.00 80.27

9 -1 -1 -1 +1 5.81 8.65 7.23
10 +1 -1 -1 +1 58.63 49.37 54.00
11 -1 +1 -1 +1 87.09 83.99 85.54
12 +1 +1 -1 +1 91.47 90.55 91.01
13 -1 -1 +1 +1 1.98 1.64 1.81
14 +1 -1 +1 +1 77.00 79.46 78.23
15 -1 +1 +1 +1 69.35 62.47 65.91
16 +1 +1 +1 +1 82.56 79.76 81.16

3.2. Factorial design adsorption experiments

The design matrix of coded values for factors and response in
terms of percent removal of Pb(Il) is shown in Table 2. The removal
efficiency, R, is defined as:

G—C
R_( c )xlOO

where C; and Cyrepresent the initial and final concentrations of the
metal ions, respectively. The results were analyzed using Minitab
release 15.1 and the main effects and interaction between factors
were determined. The effect of a factor is defined as the change in
response, in this study the percentage of Pb(II) removal, occurring
as aresult of a change in the level of a factor from a lower to higher
level. This is commonly called a main effect as it refers to the major
factors of interest in the experiment [40]. The coded mathematical
model utilized for 2 factorial designs can be given as:

(1)

%R = X() +X1A +X>B +X3C + X4D +X5AB +X5AC +X7AD
+ XgBC + XgBD + X19CD + X11ABC + X12ABD

+ X13ACD + X14BCD + X15ABCD (2)

where R (%) is the percentage removal of Pb(Il), Xy is the global
mean, X; represents the regression coefficient relating to the main
factor effects and interactions, and A, B, C, and D stand for pH,
amount of adsorbent, initial concentration of Pb(Il), and temper-
ature, respectively. The effects, regression coefficients, standard
errors and T values (standardized effects) appear in Table 3. The

Fig. 1. SEM image of NaOH modified walnut shell.

regression model coefficients are calculated by dividing the net
effects by two. The standardized effects were obtained by divid-
ing the regression coefficients by standard error. By substituting
the coefficients X; in Eq. (2) with their values from Table 3 we can
derive a model equation relating the level of parameters and Pb(II)
removal efficiency:

%R = 57.4. + 18.04A + 22.69B — 1.22C + 0.71D — 12.7AB
+4.85AC — 0.05AD — 5.98BC + 0.1BD — 0.11CD
—2.28ABC — 0.03ABD + 0.08ACD — 0.05BCD — 0.20ABCD (3)

3.3. Student’s t-test

Student’s t-test was carried out to determine whether the cal-
culated main and interaction effects were significantly different
from zero. Absolute values of the effects of main factors and the
interaction of factors are illustrated in the Pareto chart (Fig. 2) in
the horizontal columns. With a 95% confidence level and sixteen
degrees of freedom, the value of t was equal to 2.12. To indi-
cate the minimum statistically significant effect magnitude for the
95% confidence level, a vertical line is drawn in the Pareto chart.
The bars for D, ABCD, CD, BD, ACD, BCD, AD, and ABD remained
inside the reference line in the Pareto chart, showing that these
terms contributed the least to the prediction of Pb(II) removal
efficiency.

Table 3
Statistical parameters for a 24 design.
Term Effect Coefficient Standard T
error

Constant 57.40 0.5303 108.25
A 36.07 18.04 0.5303 34.01
B 45.38 22.69 0.5303 42.79
C -2.44 -1.22 0.5303 -2.30
D 1.41 0.71 0.5303 133
AxB —-25.55 -12.78 0.5303 -24.10
AxC 9.70 4.85 0.5303 9.15
AxD —-0.09 —-0.05 0.5303 —-0.09
BxC -11.97 -5.98 0.5303 -11.29
BxD 0.21 0.10 0.5303 0.19
CxD -0.23 -0.11 0.5303 -0.21
AxBxC -4.57 -2.28 0.5303 -4.31
AxBxD -0.06 -0.03 0.5303 —0.06
AxCxD -0.15 0.08 0.5303 0.15
BxCxD -0.10 -0.05 0.5303 -0.10
AxBxCxD —-0.40 -0.20 0.5303 -0.38
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Table 4
Analysis of variance.
Factor Degrees of freedom Sum of squares (SS) Mean square (MS) F-Value P-Value
A 1 10408.4 10408.4 1156.69 0.000
B 1 16476.6 16476.6 1831.6 0.000
C 1 47.6 47.6 5.29 0.035
D 1 16.0 16.0 1.78 0.201
AxB 1 5224.5 5224.5 580.60 0.000
AxC 1 753.1 753.1 83.69 0.000
AxD 1 0.1 0.1 0.01 0.932
BxC 1 1146.2 1146.2 127.38 0.000
BxD 1 0.3 0.3 0.04 0.849
CxD 1 0.4 0.4 0.05 0.833
AxBxC 1 166.9 166.9 18.55 0.001
AxBxD 1 0.0 0.0 0.00 0.954
AxCxD 1 0.2 0.2 0.02 0.886
BxCxD 1 0.1 0.1 0.01 0.924
AxBxCxD 1 1.1 1.3 0.14 0.711
Error 16 144.0 9.0
Total 31 34385.7
3.4. Analysis of variance (ANOVA) Table 5
Analysis of variance-reduced model.
Inorder to determine the significant main and interaction effects Factor Degrees of Sum of Mean square F-Value
of factors influencing the removal efficiency of Pb(II), an analysis freedom squares (SS) (MS)
of variance (ANOVA) was performed. The sum of squares (SS) and A 1 104084 10408.4 1537.43
mean square (MS) of each factor, P-value, and the F-ratio, defined B 1 16476.6 16476.6 2433.77
as the ratio of the respective mean square effect and the mean ¢ 1 47.6 47.6 7.03
square error, are shown in Table 4. Since for a 95% confidence AB 1 52245 52245 77171
a ’ s O A AC 1 753.1 753.1 111.24
level, 1 degree of freedorp and 16 factqnal tests Foos1,16 1S gql{al BC 1 1146.2 1146.2 169.30
to 4.49, all the effects with F-values higher than 4.49 are signif- ABC 1 166.9 166.9 24.65
icant. P-value is the probability value that is used to determine Residual error 24 162.4 6.77
the statistically significant effects in the model. The importance Lack of fit 8 184 23 034
. . . Pure error 16 144.0 9.0
of the data can be judged by its P-value, with values closer to zero
Total 31 34385.7

denoting greater significance. For a 95% confidence level the P-value
should be less than or equal to 0.05 for the effect to be considered
statistically significant [43]. According to the obtained F-ratio and
P-value, it seems that the effect of pH (A), adsorbent dose (B), ini-
tial concentration of metal ion (C), and the interaction effect of pH
and adsorbent dosage (A x B), pH and initial concentration of metal
ion (A x C), adsorbent dosage and initial metal ion concentration
(B x (), and pH and adsorbent dosage and initial concentration of
Pb(II) (A x B x C) are statistically significant. The normal probability
plot of standardized effects has been provided in Fig. 3. This graph
is completely consistent with the analysis performed for signifi-
cant results. The statistically significant effects are characterized by
square signs which are situated away from the center line; how-

2.12

A
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BC+
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ABC

CcH

Factor Name
D+ A pH
ABCD | B Dose
C
D

Term

CD Concentration
BD | Temperature
ACD
BCD -

AD -
ABD -

T T T
0 10 20 30 40

Standardized Effect

Fig. 2. Pareto chart for standardized effects.

ever, the circle signs representing the insignificant effects tend to
follow a normal distribution.

According to the student’s t-test and F-test, the effect of tem-
perature and several interaction effects which were statistically
insignificant compared to the other effects were discarded, leading
to the following equation:

%R = 57.40 + 18.04A + 22.69B — 1.22C — 12.78AB + 4.85AC
—5.98BC — 2.28ABC (4)

Based on Eq. (4), the model was recalculated, eliminating the
effect of insignificant factors. Table 5 shows the analysis of variance
for the reduced model. The lack of fit associated with the elimina-

99
95 4 mB
90 1 mA
80 BAC
70 Effect Type
- L
q:) 60 @ Not Significant
o 501 B Significant
g 40 4
30 Factor Name
L]
20 A pH
| ApC B Dose
10 A mBC c Concentration
D Temperature
51 uAB
1-7 T T T T T T T T
-30 -20 -10 ) 10 20 30 40 50

Standardized Effect

Fig. 3. Normal probability plot of standardized effects at P=0.05.
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Fig. 4. Main effects plot for Pb(II) removal.

tion of some factors resulted in an F-value of 0.34. Since this value
is very much lower than the tabulated Fy o5 g 16 = 2.59, these factors
did not have statistical significance.

3.5. Main and interaction effects

Analyzing the graphs of Fig. 4 and the coefficients of Eq. (4),it can
be inferred that the adsorbent dosage (B) was the most important
variable of the overall adsorption procedure since its coefficient
was the largest (i.e. 22.69). The positive sign of this coefficient
meant that Pb(II) removal was favored at high adsorbent values.
Increasing the dose of walnut shell from 1 to 20 g/L increased the
adsorption efficiency by 45.38%. This was due to the greater avail-
ability of the exchangeable sites or surface area at higher amounts
of the sorbent. The same trend was previously reported for the
adsorption of lead from aqueous solutions using sawdust [4].

The solution pH (A) also had a considerable effect on Pb(II)
removal efficiency. An increase in the pH from 2 to 10 resulted in a
36.07% increase in Pb(II) adsorption. It has been reported in previ-
ous studies that the sorption of heavy metal ions is highly sensitive
to changes in pH levels and that lead adsorption increases with a
rise in pHvalues [36,44]. Areduction in metal ion removal efficiency
at lower pH values is probably due to the existence of a relatively
large number of hydrogen ions in the solution, which compete, with
the metal ions for the adsorption sites of walnut shell.

The third important main effect regarding the adsorption pro-
cess was the effect of the initial concentration of Pb(II) ions (C).
An increase in the ion concentration from 10 to 90 mg/L decreased
adsorption efficiency by 2.44%. This behavior can be attributed to
the saturation of sorbent sites above a certain concentration of
metal ions. At low concentrations, the ratio of active adsorption
sites to the initial Pb(I) ions is larger, resulting in higher removal
efficiency. However, at higher concentrations, the numbers of metal
ions are relatively higher as compared to the available sorption
sites, hence the lower metal removal percentage. The results of the
present study for the effect of initial concentration on the removal
efficiency of Pb(II) ions using modified walnut shell was in agree-
ment with the previous results for adsorption of heavy metals onto
rice bran [12], and removal of Ni(Il) by sawdust [45].

According to F-ratio and P-value, the effect of temperature (D)
on the removal of Pb(Il) ions was not statistically significant and
thus was not included in Eq. (4). Increasing the temperature from
15 to 45°C increased the removal efficiency by 1.41%. Increasing
the temperature may lead to an increase in the porosity and total
pore volume of the adsorbent or to an enhancement in the chem-
ical affinity of the adsorbent for metal cations [46]. On the other
hand, it can weaken the adsorptive forces between the active sites
of the adsorbents and the adsorbate material which increases the
tendency to desorb metal ions from the interface to the solution.
It is likely that these positive and negative effects neutralized each
other in the present investigation, resulting in the negligible effect
of temperature on Pb(II) cations adsorption. Cordero et al. [47] and
Freitas et al. [27] reported an insignificant effect of temperature on
Ca(Il) and Cu(Il) by Fucus spiralis and Ascophyllum nodosum, respec-
tively.

The interaction effects plots are shown in Fig. 5. The non-parallel
lines in this figure are indications of interaction between the two
factors. Graphs of Fig. 5 and coefficients of Eq. (4) show negative
interaction between pH and adsorbent dosage (A x B), adsorbent
dose and initial metal concentration (B x C), and also between pH,
adsorbent dosage and initial concentration of metal ion (A x B x C).
Apositive interactive effect was also observed between the solution
pH and the metal ion concentration (A x C). All of these interac-
tions were more significant than the main factors C and D (initial
concentration of metal ion and temperature).

The interaction plot for A x B (Fig. 5) indicates that decreasing
the solution pH from 10 to 2 reduced Pb(IlI) removal efficiency
by 61.62% (from 65.52 to 3.9%) at 1g/L dose and 10.51% (from
85.35 to 74.84%) at 20 g/L. This indicates that at lower adsorbent

-1 1 -1 1 -1 1
1 1 1 1 1 1
a
_ - -——— ] — — —nm - 80 pH
pH L —— -1
—m,— 1
—, ——=o a0
-0
- — — — —nm - 80 Dose
Dose - —o— -1
—— 1
./0 — o - 40
-0
- 80 Concentration
Concentration —o— 1
——0
—— 1
- 40
-0
Temperature

Fig. 5. Interaction effects plot for removal of Pb(II).
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Fig. 6. Normal probability plot of residuals for Pb(II) removal efficiency.

dosages, changes in pH have a greater effect, but at higher adsorbent
dosages, these changes were not as significant. Similarly, analyzing
the interaction plot of B x C reveals that at lower metal concen-
trations (10 mg/L), metal removal efficiency was 29.95 and 87.3%
at 1 and 20 g/L adsorbent dosage levels, respectively. However, at
higher initial metal concentrations (90 mg/L), increasing the adsor-
bent dosage from 1 to 20g/L increased metal removal efficiency
from 39.48 to 72.89%. The A x C interaction plot illustrates that the
increase in the pH from 2 to 10, led to a rise in lead removal effi-
ciency from 45.44 to 71.81% at an initial metal concentration of
10mg/L and 33.30 to 79.07% at 90 mg/L metal ion concentration.
What this means is that the effect of pH was higher when the ini-
tial metal concentration was high. Other interactions showed no
important features for discussion.

3.6. Normal probability plot of residuals

For the statistical analysis of the experimental data, it is neces-
sary to assume that the data come from a normal distribution [48].
To determine whether or not the data set is normally distributed,
the normal probability plot of residual values is shown in Fig. 6. The
data set has normal distribution if the points fall close enough to
the straight line. It is evident from the figure that the experimental
points follow a straight line suggesting normal distribution of the
data.

3.7. Optimization of Pb(Il) adsorption by simplex method

AsshowninTable 6, a total of 20 different conditions were tested
in the simplex optimization phase: the four starting conditions and
16 additional experiments. Experiment number 16 was considered
to be the best alternative due to the fact that it had the maximum
response value, while response values decreased in the subsequent
experiments. Fig. 7 shows the evolution of the response during
these experiments. Improvements of about 15% were observed in
Pb(II) removal efficiency in the 16th experiment; however, it was
decided for the evolution to be continued to ascertain the achieve-
ment of the optimum conditions. The maximum Pb(II) removal
efficiency observed in the experimental domain was 98.24%, which
was achieved by 13.5 g/L of modified walnut shell at a pH level of
6.3 and initial metal concentration of 45.3 mg/L. The optimum pH
condition of 6.3 obtained from the simplex method is in agreement
with the findings of previous studies on adsorption of Pb(II) onto
rice bran [12], modified wheat bran [2], and treated sawdust [11].

Table 6
Relation between Pb(II) removal efficiency and experimental conditions during sim-
plex optimization.

Experiment pH Adsorbent Initial metal Pb (1)
number dose (g/L) concentration removal (%)
(mg/L)
1 2 20 10 85.20
2 2 1 90 2.12
3 10 1 10 54.76
4 10 20 90 82.50
5 4.7 7.3 63.3 78.33
6 7.8 8.4 322 63.91
7 5.7 11.7 53.7 89.35
8 6.8 12.8 41.7 86.23
9 74 174 62.6 83.71
10 43 17 313 85.77
11 3.8 103 219 61.12
12 6.5 15.6 52.4 95.27
13 8.4 9.7 67.2 76.51
14 53 15.2 40.3 87.26
15 4.9 15.5 55.9 86.00
16 6.3 135 453 98.24
17 7.0 12 60.6 79.03
18 5.7 144 454 94.90
19 6.6 173 41.7 96.12
20 7.2 16.5 47.5 83.25
120

Pb(11) removal efficiency
(=2}
o

12 3 456 7 8 91011121314151617 181920
Trial number

Fig. 7. Evolution of the response of Pb(II) removal efficiency.

4. Conclusions

In order to determine the effects of various operating conditions
(pH, adsorbent dose, initial metal concentration and temperature)
and their interactions on the overall adsorption of Pb(Il) ions by
modified walnut shell, a full 24 factorial design was performed.
Analysis of variance (ANOVA), t-test and F-test showed that solu-
tion pH (A), adsorbent dose (B) and initial metal concentration (C)
and also the interactions of A x B,A x C,B x C,and A x B x Cwere sta-
tistically significant. The adsorbent dosage was found to have the
most significant impact on the Pb(II) removal efficiency, while the
effect of temperature on the adsorption process was not significant.
Following the determination of significant variables through facto-
rial design, a modified simplex method was employed to achieve
the best conditions for Pb(II) uptake. The modified simplex method
was able to improve Pb(Il) removal efficiency by about 15%. The
maximum Pb(II) removal efficiency obtained from the optimiza-
tion procedure was 98.24%, which was reached in 16 experiments.
This optimum removal efficiency was achieved by 13.5 g/L of mod-
ified walnut shell at a pH level of 6.3 and initial Pb(II) concentration
of 45.3 mg|/L.
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