
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 2
:1

7:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Evaluation of the
aLaboratoire des Procédés Industriels, de Syn

Nouvelles (LAPISEN), Institut National Polyt

1093, Yamoussoukro, Ivory Coast. E

+2250748296357
bLaboratoire Eau, Environnement Systèmes
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lead removal capacity by the
adsorption process of Corbula trigona shell
powder: modeling and optimization through
reponse surface methodology

Dan Nixon Nonh, *a Sadat Aw,a Sorho Siaka,a Alexandre Livet,b N'Zébo Sylvestre
Yapoa and Noureddine Bousserrhineb

This study is based on the evaluation of the adsorption process using Corbula trigona shell powder to

remove lead from aqueous solution in a batch mode. Different analytical techniques, including X-ray

diffraction, Fourier transform infrared spectroscopy, and EDS-coupled scanning electron microscopy,

were used to characterize the shell powder before and after lead treatment. Regarding the pollutant

removal, a Plackett–Burman design (PBD) was first used to determine the influencing factors from the

following experimental domain: solution pH (3–9), adsorbent mass (0.1–0.5 g), contact time (40 –240

min), initial pollutant concentration (10 –60 mg L−1), and adsorbent size (100 –200 mm). The respective

contributions of the various factors listed above are 31.7%, 30.51%, 25.17%, 12.44%, and 0.18%. As a result,

solution pH, adsorbent mass, contact time, and initial pollutant concentration were selected to optimize

the lead removal process using the composite central plan. The optimal lead removal conditions were

99.028% by setting the solution pH to 4.5, initial lead concentration to 47 mg L−1, contact time to

125 min, and adsorbent mass to 0.2 g. In addition, it was found that the composite central plan could be

a reliable statistical tool to model and determine the optimal conditions.
1. Introduction

The fall in the cost of industrial raw materials in the Ivory Coast
in 1980 led the Ivorian government to develop other sectors of
activity, particularly the mining sector, to maintain its economy.
Since this period, the Ivorian mining code has been revised to
encourage mining companies to set up operations throughout
the country.1 However, in addition to this industrial activity,
several gold panning sites have emerged in several localities of
the country. However, this activity negatively impacts the soil,
air, and water resources by disrupting the hydrographic
network.2–4 It also generated large quantities of wastewater that
were directly discharged into the environment without any prior
treatment.5 These mining effluents contribute a great deal to
the pollution of water resources, as they contain trace metal
elements, particularly lead, the concentration of which exceeds
the standards set by the World Health Organization (WHO) at
the rate of 255.5 mg L−1.5 This environmental lead
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contamination can have harmful effects on human health. It
can damage the liver and the brain as a result of its accumu-
lation in either living tissues throughout the food chain or
directly through ingestion.6–8 In addition, lead exposure has
been shown to be responsible for 853 000 deaths worldwide in
2013 due to its long-term health effects, especially in low- and
middle-income countries.9,10 Therefore, treatment and control
of lead concentrations in wastewater from goldmines should be
addressed. The main challenge is to set up a very effective
method for lead removal below the standards set by the WHO
(10 mg L−1). It is in this conguration that several conventional
methods have been set up for the treatment of wastewater
containing trace metals. These methods include ion exchange,
chemical precipitation, electrochemical treatment, electro-
coagulation, evaporation, and adsorption.11–13 Some of these
methods are costly and oen ineffective when the concentration
of metals varies from 10 to 100 mg L−1 and generate toxic
sludge.14 Thus, the adsorption of metals on low-cost materials is
an attractive alternative for the treatment of mining effluents
loaded with trace metal elements.12,15 However, the adsorption
of pollutants on biomaterials or mollusc shells has been
recognized as an effective method due to their composition.16–18

With this in mind, this study focused on Corbula trigona shell
wastes for the treatment of mining wastewater by the adsorp-
tion method. Corbula trigona shells are natural and constitute
© 2023 The Author(s). Published by the Royal Society of Chemistry
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an abundant waste at the edge of the Ivorian lagoons, especially
the Aby lagoon, which can be valorized. This available waste, in
large quantities with an estimated mass of 1 147 000 tons,
contributes to environmental pollution.19 However, to our
knowledge, no study has been conducted on the absorption of
lead on Corbula trigona shells. Moreover, studies on wastewater
treatment using the classical method of varying one variable
while xing the others are long and do not allow observing the
interactions between the different variables involved. To over-
come this limitation, this study turned to the use of response
surface methodology (RMS). The use of the response surface
methodology in the adsorption process can improve the lead
adsorption efficiency and reduce the number of experiments
and the time of performing the different tests.20 Thus, the
overall objective of this study is to evaluate the adsorption
capacity of lead by Corbula trigona shell powder. Thus, an
experimental design methodology was used to investigate the
inuence of the main experimental parameters (lead concen-
tration, solution pH, adsorbent size, adsorbent mass, and
contact time). The specic objectives of this study are the
following: (i) screen and quantify the effect of selected factors in
the experimental domain using the Plackett–Burman design,
(ii) optimize the mathematical model developed from a central
composite design (CCD) to nd the best combination of factors
that leads to the best conditions for lead removal in solution.
2. Material and methods
2.1. Treatment and characterization of adsorbents

In this study, Corbula trigona shells were used as adsorbent
material for the adsorption of lead in an aqueous solution.
Those shells were collected from the beaches of the Aby lagoon
located in the south-eastern region of the Ivory Coast. The shells
were rst washed several times with distilled water to remove
impurities, and then they were dried in an incubator for 24 h at
105 °C. Aer drying, they were crushed in a porcelain mortar
with a pestle and sieved to obtain two fractions of sizes less than
or equal to 100 and 200 mm. The obtained grindings were
preserved in jars. To better understand the mechanism of lead
adsorption, the shell powder was subjected to a physicochem-
ical characterization. The surface morphology and elemental
composition of the shells before and aer lead removal were
determined by scanning electron microscopy (SEM) combined
with Hitashi FEGS 4800 X-ray Dispersive Energy (EDX) micro-
analysis under an accelerating voltage of 15 kV. ALPHA Brucker
Fourier Transform Infrared Spectroscopy (FT-IR) was used to
analyze the chemical bonds and functional groups involved in
lead adsorption in the range of 500–4000 cm−1. Finally, an X-ray
diffractometer (XRD, RigakuMiniex II) was used to analyze the
different mineralogical phases of the materials.
2.2. Preparation of the lead solution

1.315 g of 98% purity lead chloride (PbCl2) was dissolved in 1 L
of ultrapure water to prepare a stock solution of 1 g L−1 lead.
This solution was diluted to prepare solutions of concentrations
10–60 mg L−1. The initial pH of these solutions was adjusted
© 2023 The Author(s). Published by the Royal Society of Chemistry
from 3–9 by adding sodium hydroxide (NaOH, 0.1 M) or
hydrochloric acid (HCl, 0.1 M) of 99% purity using a pH meter
(Hanna pH 211).
2.3. Optimization of lead removal

To optimize the lead removal process, the experiments were per-
formed in two phases. The rst phase involved factor screening by
the Plackett–Burman design method using the Hadamardmatrix.
The factors and levels (low (−1) and high (+1)) such as pollutant
concentration (10–60 mg L−1), solution pH (3–9), adsorbent size
(100–200 mm), adsorbent mass (0.1–0.5 g), and contact time (40–
240 min) are denoted as U1, U2, U3, U4, and U5 respectively. All
factors and their levels were selected based on preliminary and
previous studies. With this design, the relationship linking the
response to the different factors is given by (eqn (1)).20

Y ¼ b0 þ
Xk

i¼1

biXi (1)

where y, bo, bi and Xi, represent the experimental response
(residual concentration), mean value of the responses from the
8 trials, main effect of each factor on the response, and coded
variable of the factors (−1 or +1), respectively. Factors with
coefficient values, i.e., bi with twice the standard deviation, are
considered to inuence the lead removal process.21 When the
coefficient and its standard deviation are of the same order of
magnitude, the inuence of the factor is possible, in which case
the experimenter must use his or her knowledge and the issues
of the study to make a decision.20 The contribution of factors (Pi)
(eqn (2)), according to the Pareto chart, also evaluates the
importance of the main factors on the response.

Pi ¼

0
BBB@

bi
2

P5
1

bi
2

1
CCCA� 100 ðis0Þ (2)

Pi is the contribution of factor i to the response, and bi is the
statistical coefficient corresponding to factor i.

The second step was to use the concentration of the
pollutant, pH of the solution, mass of the adsorbent, and
contact time to model the responses by the response surface
method (RMS) using a ve-level composite central plane (CCD).
This technique typically develops second-degree mathematical
functions represented by (eqn (3)).

Y
�mg

L

�
¼ b0 þ

Xk

i¼1

biXi þ
Xk

i¼1

biiXi
2 þ

Xk

i\1

Xk

j¼1

bijXiXj (3)

where Y is the response, b0 is the constant factor, X2 are vari-
ables, bi is the linear, bii is the quadratic, and bij is the second-
order interaction factor.

The composite central design was used to develop regression
models and model the response, which is the residual lead
concentration. The experimental ranges and (coded) levels of
the independent variables that were determined by the experi-
ments are shown in Table 1. A total of 30 experiments were
RSC Adv., 2023, 13, 11346–11355 | 11347
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performed in this work, including 16 experiments at the facto-
rial points, 8 experiments at the axial point, and 6 replications
at the central points. Data processing was performed using the
NEMROD-W soware (Version 9901 French, LPRAI-Marseille
Inc., France). All experiments were performed in batches
using 25 mL asks into which we introduced 20 mL of the
solution. Residual lead concentrations in the solutions aer
treatment were determined by an inductively coupled plasma
optical emission spectrometer, Optima 8000, PerkinElmer (ICP-
OES), aer ltration on Whatman paper of 0.45 mm porosity.

The percentage of lead removal was determined according to
(eqn (4)).

Y ð%Þ ¼
�
C0 � Cr

C0

�
� 100 (4)

C0 (mg L−1) and Cr (mg L−1) are the initial and residual
concentrations of lead.
3. Results and discussions
3.1. Characterization of Corbula trigona shells

The X-ray diffraction (XRD) study of Corbula trigona shells
before and aer lead adsorption is presented in (Fig. 1).

Analysis of (Fig. 1) shows that the X-ray diffraction pattern of
the shell before lead adsorption consists predominantly of
calcite at 2q = 29.4°. Calcite and aragonite peaks are also
Table 1 Experimental area of the composite central plan

Coded variables
(Xi) Factors

Exp

−2

X1 Concentration (mg L−1) 10
X2 pH 3
X3 Mass of the adsorbent (g) 0.1
X4 Contact time (min) 40

Fig. 1 X-ray diffraction patterns of Corbula trigona shell before (red) an

11348 | RSC Adv., 2023, 13, 11346–11355
observed at 2q = 20.92°; 23.76°; 26.68°; 28.32°; 36.6°; 37.52°;
39.52°; 42.92°; 47.52°; 48, 56°; 62.28°; 68.4°. Those results are in
agreement with the reported work.22 Aer the adsorption of the
pollutant, the major peak underwent a decrease with the
appearance of cerussite on the surface. The same contact was
made earlier23 aer the removal of lead, cadmium, and zinc by
mollusc shells composed of aragonite and calcite. The reduc-
tion in the intensity of the calcite peak aer lead adsorption
could be due to an ion exchange between lead and Ca2+.
3.2. Characterization of the FT-IR spectrum

To determine the functional groups responsible for lead
adsorption, IR analyses of Corbula trigona layers were per-
formed (Fig. 2). The blue spectrum obtained before the removal
of the pollutant shows two major peaks and vibrations. The two
peaks around 1483.828 cm−1 and 863.355 cm−1 represent
CO3

2− carbonate groups.24 The corresponding peak at
1483.828 cm−1 represents the characteristic adsorption peak of
calcite, while that of aragonite was observed at 863.355 cm−1.
Those results show that the shells of Corbula trigona contain
mainly calcite and aragonite.25–27 As for the vibrational bands,
the one between 2510.466 cm−1 and 1945.101 cm−1 represents
valence vibrations of the (O–H) groups of the carboxylic acid.
The stretching vibration band from 3994.295 to 2581.902 cm−1

is attributed to the water molecule in those shells or an organic
compound that contains hydroxide groups (OH−). The orange
erimental domain

−1 0 +1 +2

23 35 47 60
4.5 6 7.5 9
0.2 0.3 0.4 0.5
90 140 190 240

d after (black) lead adsorption.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fourier transform infrared (FTIR) spectra of Corbula trigona
powder before (blue) and after (orange) lead adsorption.
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spectrum obtained aer lead removal shows changes in the
vibrational peaks and the appearance of two new peaks,
714.279 cm−1 to 1083.725 cm−1. The peaks corresponding to
carbonates 1483.828 cm−1 to 863.355 cm−1 increase to
1479.66 cm−1 and 860.26 cm−1, respectively. The appearance of
the new peaks would be due to the interaction between lead and
shells leading to the formation of PbCO3, as reported in the
literature.28 The shi in peaks and the formation of PbCO3 show
that lead was precipitated together with carbonate carbon-
ates.29,30 The new peak 1081.725 cm−1 can be related to the
complexation of the carboxyl group with lead ions. We can say
that the carbonate, hydroxyl, and carbonyl groups are impli-
cated in the lead removal process from aqueous solutions. This
shows that this removal occurs either by the exchange mecha-
nism in which lead ions (Pb2+) bind to the adsorption sites
replacing calcium ions (Ca2+) by precipitation, complexation, or
adsorption, as shown by other authors.26,31

3.3. Analysis by scanning electron microscopy (SEM)
coupled with energy dispersive spectrometry (SEM/EDS)

The surface structure and morphology of Corbula trigona shells
before and aer adsorption were revealed by SEM analysis. It is
Fig. 3 Scanning electron microscopy (SEM) and X-ray (EDS) spectra of

© 2023 The Author(s). Published by the Royal Society of Chemistry
clear from Fig. 3 that the biomaterials exhibited an irregular
structure with an amount of rough structure, which could be
advantageous for lead adsorption. The images show small
particles attached to the surface. Those particles could be
calcium salts (Ca2+), as reported by other authors.32 Fig. 4 shows
that the surface of the materials became rougher with more
porous areas aer lead adsorption, and this fact could be
related to the detachment of calcium (Ca2+) ions on the surface
during the adsorption mechanism. Those ions could be
replaced by lead molecules during the pollutant removal
process. The EDS spectra (Fig. 3) before lead removal showed
three major elements, calcium, oxygen, and carbon. Aer lead
removal (Fig. 4), the peaks of the three elements decreased with
the disappearance of silicon and the presence of lead. As for the
content of the majority constituents, such as carbon, oxygen,
and calcium, it was 25.49%, 64.80%, 22.24%, respectively. This
result conrms the X-ray diffraction (XRD) analysis, which
showed that the material contains calcium carbonate. Aer the
adsorption of lead (Fig. 4), the mentioned results showed that
the carbon content decreased by 3.79%, while that of oxygen
and calcium increased by 0.72% and 2.86%, respectively.
Finally, the observed functional groups could promote lead
adsorption, as reported in the literature.33,34

Fig. 5 shows the EDS mapping of the carbon, oxygen, and
calcium distribution of the Corbula trigona shell composition,
with the distribution of lead. The appearance of lead on the
mapping shows that there is a binding of the lead molecule on
the surface of the adsorbents.
4. Study of lead adsorption
4.1. Plackett and Burman design (PPB)

The Plackett–Burman design was used to determine the inu-
encing factors and their main effects on lead adsorption by
Corbula trigona shells. Aer the tests were conducted, the
experimental design and responses were recorded in Table 2.

Table 2 presents the results of 8 tests. Analysis of the results
shows variability in residual lead concentrations with variation
Corbula trigona shell powder before lead adsorption.

RSC Adv., 2023, 13, 11346–11355 | 11349
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Fig. 4 Scanning electron microscopy (SEM) and X-ray (EDS) spectra of Corbula trigona shell powder after lead adsorption.

Fig. 5 EDS mapping of shellfish after lead adsorption.

Table 3 Coefficient estimates and statistics

Name Coefficients Standard deviation

bo 0.300 0.001
b1 0.066 0.001
b2 −0.105 0.001
b3 −0.002 0.001
b4 −0.103 0.001
b5 −0.094 0.001
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in factor levels. The residual concentrations range from
0.112 mg L−1 to 0.659 mg L−1 with a standard deviation of
0.1995. This variability in response means that one factor has at
least an inuence on lead adsorption by Corbula trigona shell-
sh and that the choice of experimental area is appropriate. The
lowest residual concentration (0.112 mg L−1) was obtained
using 10 mg L−1 of the pollutant at pH = 9, particle size of 200
mm, adsorbent mass of 0.5 g, and contact time of 40 min. The
highest residual concentration, 0.659 mg L−1, was obtained
Table 2 Experimental design and results on lead removal

No. test

Experimental design

U1 (mg L−1) U2 U3 (mm)

1 60 9 200
3 10 9 200
2 10 3 200
4 60 3 100
5 10 9 100
6 60 3 200
7 60 9 100
8 10 3 100

11350 | RSC Adv., 2023, 13, 11346–11355
with a concentration of 60 mg L−1 of lead, pH = 3, particle size
of 200 mm, mass of 0.5 g, and time of 40 min. The estimates and
statistics of the different coefficients related to the model
factors are reported in Table 3.

The signicance test of each coefficient in the model was
performed by assuming that a coefficient is signicant if its
absolute value is greater than two times the standard devia-
tion.35 Based on this, the mean coefficient bo of the 8 trials and
the main effects b1 (0.066), b2 (−0.105), b4 (−0.103), and b5
(−0.094) corresponding to initial pollutant concentration,
solution pH, adsorbent mass, and contact time, respectively, are
signicantly different from zero. Size had no signicant effect
on lead removal. The Pareto chart was used to conrm the effect
of each parameter on lead removal (Fig. 6).

This diagram shows that the pH of the solution, mass of the
adsorbent, contact time, and concentration of the pollutant are
the factors that inuence most of the adsorption of lead by the
shellsh. They have a contribution of 31.70%, 30.51%, 25.17%,
Residual lead concentrations
Y (mg L−1)U4 (g) U5 (min)

0.1 240 0.263
0.5 40 0.112
0.5 240 0.136
0.5 240 0.281
0.1 240 0.144
0.1 40 0.659
0.5 240 0.261
0.1 40 0.548

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pareto chart of the effects of different factors on the residual lead concentration.
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and 12.44%, respectively, with a cumulative percentage of
99.82%. The size of the shells (X3) contributes at a rate of 0.18%
and does not inuence the response in the studied experi-
mental area. The adsorption of metal ions on these biomaterials
is highly dependent on the pH of the solution, as the pH affects
the degree of ionization and surface charge of the adsorbent.17,36

This phenomenon could be related to a strong electrostatic
Table 4 Experimental design and results

No. test
Concentration initial
(mg L−1) pH

Mass of adsorbent
(g)

1 23 4.5 0.2
2 47 4.5 0.2
3 23 7.5 0.2
4 47 7.5 0.2
5 23 4.5 0.4
6 47 4.5 0.4
7 23 7.5 0.4
8 47 7.5 0.4
9 23 4.5 0.2
10 47 4.5 0.2
11 23 7.5 0.2
12 47 7.5 0.2
13 23 4.5 0.4
14 47 4.5 0.4
15 23 7.5 0.4
16 47 7.5 0.4
17 10 6 0.3
18 60 6 0.3
19 35 3 0.3
20 35 9 0.3
21 35 6 0.1
22 35 6 0.5
23 35 6 0.3
24 35 6 0.3
25 35 6 0.3
26 35 6 0.3
27 35 6 0.3
28 35 6 0.3
29 35 6 0.3
30 35 6 0.3

© 2023 The Author(s). Published by the Royal Society of Chemistry
attraction between the positively charged metal ions and the
negatively charged sites of the Corbula trigona shell. As for the
mass of the adsorbent, it also plays an important role in lead
adsorption as it directly affects the process and must be care-
fully adjusted. It is evident that by increasing the mass of the
adsorbent, the residual concentration decreases, which can be
attributed to the availability of adsorption sites to capture the
Contact time
(min)

Experimental responses
(mg L−1)

Responses predicted
(mg L−1)

90 0.36 0.28
90 0.33 0.35
90 0.12 0.18
90 0.30 0.29
90 0.10 0.16
90 0.21 0.19
90 0.12 0.08
90 0.20 0.17
190 0.09 0.13
190 0.24 0.27
190 0.07 0.07
190 0.32 0.27
190 0.08 0.08
190 0.25 0.20
190 0.07 0.06
190 0.16 0.23
140 0.08 0.03
140 0.11 0.14
140 0.36 0.34
140 0.31 0.31
140 0.24 0.21
140 0.11 0.12
40 0.10 0.12
240 0.11 0.07
140 0.15 0.16
140 0.15 0.16
140 0.16 0.16
140 0.15 0.16
140 0.15 0.16
140 0.15 0.16
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metal ions.37 Contact time is the third factor affecting lead
adsorption. Increasing the contact time contributes to
a decrease in the residual concentration of lead in the solution.
These results corroborate those reported in the literature on
metal removal from oyster shells.38–40 According to these results,
metal adsorption from oyster shells is strongly dependent on
three parameters: solution pH, adsorbent mass, and contact
time. However, the process of metal removal from oyster shells
is dependent on the initial concentration of the pollutant to be
removed. At too high concentrations, removal appears to be
inefficient. The sign of the coefficient corresponding to the
initial concentration (b1 = 0.066) is positive, showing that
increasing the initial concentration negatively affects the lead
adsorption.40 Thus, four parameters were selected, solution pH,
adsorbent mass, contact time, and pollutant concentration, to
optimize pollutant removal.

4.2. Optimization of the lead removal process

The initial pollutant concentration (U1), solution pH (U2),
adsorbent mass (U3), and contact time (U4) were considered as
the independent factors or variables of the process. The indi-
vidual and interactive effects of the factors on lead adsorption
optimization were studied using the composite central design.
A total of 30 trials were conducted according to the experi-
mental design with the different responses in Table 4.

The values of the different regression coefficients as well as
the signicance levels are recorded in Table 5. It is noticeable
that the linear coefficients b1, b2, b3, and b4, the quadratic
effects b11, b22, b44, and the interactions b12, b14, b24, b34 are
Table 5 Estimates and statistics of lead adsorption coefficients

Name Coefficients Standard Deviation Pr. > F

bo 0.161 0.001 < 0.01 ***

b1 0.066 0.001 < 0.01 ***

b2 −0.105 0.001 < 0.01 ***

b3 −0.043 0.001 < 0.01 ***

b4 −0.025 0.001 < 0.01 ***

b11 −0.075 0.003 < 0.01 ***

b22 0.165 0.003 < 0.01 ***

b33 0.005 0.003 12.1
b44 −0.065 0.003 < 0.01 ***

b12 0.013 0.003 < 0.01 ***

b13 −0.006 0.001 0.168 **

b14 0.020 0.001 < 0.01 ***

b23 0.008 0.001 0.0732 **

b24 0.014 0.001 < 0.01 ***

b34 0.020 0.001 < 0.01 ***

Table 6 Analysis of variance of the second degree model

Source of variation Sum of squares Degrees of freed

Regression 0.0208 310 14
Residuals 0.0355 070 15
Validity 0.0354 237 10
Error 0.0000833 333 5
Total 0.243 817 29

11352 | RSC Adv., 2023, 13, 11346–11355
signicant at the 95% condence level. Therefore, the statisti-
cally signicant values of the parameters are as follows: the
linear effect of all the factors or variables studied, the quadratic
effect of initial concentration/initial concentration; solution
pH/solution pH and contact time/contact time and interactions,
initial concentration-solution pH; initial concentration-contact
time; solution pH-contact time, and adsorbent mass-contact
time.

A quadratic polynomial model was selected to develop the
thematic relationship between the independent process vari-
ables and the responses. The mathematical (eqn (5)) describing
the variation of the residual concentration can be written as
a function of coded variables.

Y (mg L−1) = 0.161 + 0.057X1 − 0.019X2 − 0.043X3

− 0.025X4 − 0.075X1
2 + 0.165X2

2 − 0.065X4
2

+ 0.013X1X2 + 0.02 X1X4 + 0.014X2X4 + 0.020X3X4 (5)

4.2.1. Model validation. The statistical signicance of the
composite central design model was investigated by ANOVA,
and the results are presented in Table 6. The results showed
that the obtained model could be successfully used in the
studied experimental area. Indeed, according to the statistical
treatment, the values of the coefficient of determination were
(R2 = 0.854 and R2 aj= 0.718). The regression model could well
explain the lead removal process because the coefficient of
determination must be greater than or equal to 0.80 for a good
t of a model.41,42 The analysis of variance (ANOVA) of the
parameters of the quadratic predicted response surface model
for lead removal parameters shows that the model is
signicant with F-value of 892.755 and a low probability value
((Pr. > F) � 0.01). Indeed, when using a condence level of
0.05, a model is considered signicant if the probability value p
is less than 0.05. The representation of the observed values and
the predicted values also give important information about the
adequacy of the model. Fig. 7 shows that the predicted values
and the experimental values are distributed around the
regression line (R2 = 0.854) greater than 0.8, which reects
good conformity between those different values.43 Therefore,
the model is valid.

4.2.2. Graphical analysis of the results. The inuence of pH
and the initial concentration of the pollutant on the removal are
represented in Fig. 8(a) and (b). The adsorption of lead
increased with the increase in the pH varying from 4.5 to 7.5
and also an increase in the initial concentration of the pollutant
also varying from 23 to 47 mg L−1. The pH of the solution is
om Mean square F-value Pr. > F

0.0148 792 892.7556 < 0.01 ***

0.00236 713
0.00354 237 211.5421 < 0.01 ***

0.000166 667

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Residual graphs for percent lead removal.

Fig. 8 Response surfaces (a) and iso-response curves (b) showing the evolution of the content response for the concentration-pH.
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a factor that affects the adsorption, as it changes the surface of
the adsorbent. Functional groups such as carbonate and
hydroxyl groups were found to be responsible for the adsorption
of lead. This shows that lead removal occurs either by ion
exchange or adsorption, in which lead ions bind to the
adsorption sites replacing calcium (Ca2+) ions. However, the
residual concentration of lead in the solution depends on the
surface properties of the adsorbent. The decrease in residual
concentration in the solution is a result of the increase in the
Table 7 Optimal conditions for lead removal

Factors (Ui)

Initial concentration pH Mass of adsorbent

47 mg L 4.5 0.2 g

© 2023 The Author(s). Published by the Royal Society of Chemistry
lead concentration gradient driver and the transfer of the
adsorbate from the solution onto the adsorbent surface.44

4.2.3. Determination of optimal conditions for lead
removal. In this study, the optimization of lead removal consists
of determining the optimal values of lead concentration, solu-
tion pH, adsorbent mass, and contact time to maximize lead
removal. The optimal conditions predicted by the model are
recorded in Table 7. Those values conrmed the adequacy and
validity of the model. Three replicate tests were performed
Rendement Y (%)

Contact time Théorique Experimental

125 min 98.138 99.028

RSC Adv., 2023, 13, 11346–11355 | 11353
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under optimal conditions, with a removal rate of 99.028%. This
value, being close to the one obtained by the model, shows
a good correlation between the predicted and experimental
values, demonstrating the eligibility of the model in its ability to
predict the experimental responses. Aer examining the
optimal conditions proposed by the Nemrodw analysis so-
ware, the efficiency of lead removal by shellsh is 98.138%.

5. Conclusions

This work investigates the ability of Corbula trigona shells to
adsorb lead in an aqueous solution. The classical method was
replaced by experimental design, which reduced the number of
tests. The Plackett–Burman design (PBD) was used to identify
important factors and quantify their effects on residual
concentrations. It was found that the removal of lead on these
biomaterials depends on the pH of the solution, mass of the
adsorbent, contact time, and concentration of the pollutant in
the solution, with contributions of 31.7%, 30.51%, 25.17%, and
12.44%, respectively. Subsequently, a composite central plane
was used to optimize the lead removal process. It was found that
the optimum conditions for removing up to 99.03% of the lead
from an aqueous solution are: initial lead concentration of
47 mg L−1, pH= 4.5, adsorbent mass of 0.20 g, and contact time
of 125 min. The experimental lead removal rate (99.03%) ob-
tained is quite similar to that of the established mathematical
model (98.14%). The results of various characterisations
conrmed that the adsorption of lead results in changes in
morphology on the surface of the adsorbent, appearance of
characteristic peaks in the spectra, and the appearance of lead
in the chemical composition of adsorbents. Finally, this study
showed that the valorization of Corbula trigona shell waste rich
in calcium carbonate could be an effective adsorbent for
remediating metal-contaminated wastewater and soil.
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