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ABSTRACT

Dibetou wood sawdust, SEM and IRTF characterized, collected from a local sawmill, was used in its raw
and chemically activated forms using nitric acid and sodium hydroxide to retain Pb?* ions, according to
several parameters (pH, contact time, initial metal concentration, mass of adsorbent and temperature of
the medium). The results obtained reveal that the removal rate of Pb?* ions on raw and activated Dibetou
sawdust reached a percentage of about 84% and 93% successively. The experimental design methodology
using the full factorial design has enabled us to study and to check the influence of the various parame-
ters on Pb%* ions adsorption onto raw and activated Dibetou sawdust; it allowed us, also, to define the
interactions between these latters. A response surface methodology (RSM) based on the central compos-
ite design (CCD) was used to optimize this process. The results obtained showed that initial concentra-
tion, pH, contact time and mass of adsorbent affected the lead (II) removal by adsorption. The
optimum conditions were found as pH = 6, mass of adsorbent = 0.875 g per 100 mL of solution and con-
tact time = 90 min for raw Dibetou and 47.5 min for activated Dibetou using a concentration of 275 mg.
L' of metallic ion. In these conditions, removal rates of Pb?" ions reach 94% onto raw sawdust and 99%
using its activated form. The adsorption data are well fitted with Langmuir isotherm. The maximum
adsorption capacities are 33.33 mg-g~! for the raw sawdust and 61.73 mg-g~' for its activated form.
Kinetic modeling is well described by the pseudo-second order model (0.99 < R? < 1). Raw and/or acti-
vated Dibetou sawdust have good efficiency for the removal of Pb%* ions, which making them environ-
mentally friendly decontaminants of choice of polluted waters.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ious materials (organic and inorganic) of different origins
(Strungaru et al., 2018; Guzzetti et al., 2018; Prokic et al., 2018;

The environmental protection is one of the sustainable develop-
ment challenges; it is considered a major pillar for the future of liv-
ing beings and the entire planet. Nowadays, humanity is facing an
ecological disaster because of the environmental pollution by var-
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Alimba and Faggio, 2019; Stara et al.,, 2019a,b; Fiorino et al.,
2018; Chromcova et al., 2015; Plhalova et al., 2017; Savoca et al.,
2019).

The growth and diversity of industrial activities have con-
tributed massively to the economic progress and to the develop-
ment of countries. But unfortunately, this development is always
accompanied by an immense degradation of the ecosystems by
the generation of different types of pollution (Bouras, 2003;
Demim et al., 2013; Gobi et al, 2018; Sehonova et al., 2018;
Torre et al., 2013; Capillo et al., 2018; Fazio et al., 2014; Vajargah
et al, 2018; Vajargah et al., 2019; Vijayakumar et al. 2019;
Burgos-Aceves et al., 2018). The entirety or great majority of the
industries use toxic chemicals in their manufacturing processes.

1018-3647/© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Among these substances we mainly find heavy metals, which are
used in large quantities (Vignes, 1993; Jitar et al, 2015;
Strungaru et al., 2015; Plavan et al., 2017) and this explains the
increasing rate of the effluents loaded with these metals, which
find their way to the ecosystems and water bodies through liquid
discharges from industries such as batteries, pigments and paints,
metallurgy, tanning, pulp and paper, petroleum refining and rub-
ber processing industries, etc. (Meena et al., 2008; El Hajam
et al., 2020).

Lead is considered to be one of the most dangerous micropollu-
tants for humans, plants and animals and it is highly toxic even in
tiny quantities (Carretero, 2002; Zhang et al., 2013). It causes the
death of plants and animals, as well as anemia, brain damage, men-
tal retardation, anorexia, vomiting and various types of serious
health problems leading to death in extreme cases (Waldron and
Stofen, 1974; Niu et al., 1993). It has also a great ability to replace
calcium in bone tissue and accumulates there (Harte et al., 1991;
Yu et al., 2001).

Given the adverse effects of these metals on the environment
and health, it is essential to eliminate them from all types of indus-
trial effluents before their release into the aquatic systems
(Savorelli et al. 2017; Pagano et al., 2017; Faggio et al., 2018;
Aliko et al., 2018). A number of technologies have been developed
for the removal and recovery of these toxic metal ions, through the
implementation of specific processes, namely chemical precipita-
tion (Collon et al., 2005), electrodeposition (Kowalik et al., 2008),
liquid-liquid extraction (Testard et al, 2007), coagulation-
flocculation (Karthik et al., 2008), reverse osmosis (Thekkedath
et al., 2007) and activated carbon adsorption (Momcilovic et al.,
2011). However, most if not all of these methods are generally
expensive, except the adsorption, which has become a method of
choice (El Hajam et al., 2019a), but remains limited by the high
price of the adsorbent material.

For this purpose, the choice of adsorbent material is a key step
for the development of a simple, effective, inexpensive and envi-
ronmentally friendly treatment technique. Adsorbents that meet
these requirements are biodegradable and low cost materials com-
pared to the ion exchange resins or the activated carbon which its
generation presents low performance, increasing the cost of its uti-
lization (Al-Asheh and Duvnjak, 2011). Among these materials they
are: sunflower stalks (Sun and Shi, 1998), rice husks (Khalid et al.,
1999), almond husks (Hasar, 2003), mango sawdust (Ajmal et al.,
1998), wood bark (Gaballah and Kilbertus, 1998), grain residues
(Low et al., 2000), peat (Ho et al., 1996), onion peel (Kumar and
Dara, 1981), tea leaves (Orhan and Biiyiikgiingor, 1993) etc. These
adsorbents are used either in their native state or by making them
a suitable chemical treatment. The adsorption capacity can be con-
siderably improved (Raji and Anirudhan, 1997).

The experimental design methodology is a collection of mathe-
matical and statistical techniques, which can be used to evaluate
the significance of various affecting factors and to optimize some
industrial processes (Khuri and Cornell, 1996). It can result in
improved product yields, reduced process variability, development
time and overall costs. It is also possible to reduce the number of
experiments (Seyhan et al., 2007).

Full factorial design model was used to evaluate and investigate
the effects of experimental parameters and their interactions. An
optimization was achieved using response surface methodology
based on central composite design, which aims to determine the
optimum operational conditions for the system (Annadurai et al.,
2002).

Our work is part of this perspective, which involves testing the
capacity of Dibetou wood sawdust in its raw and chemically acti-
vated state using nitric acid and sodium hydroxide to fix Pb%* ions
contained in aqueous solutions with different concentrations. After
characterizing the raw and activated sawdust by scanning electron

microscopy and infrared spectroscopy, the study of the effects of
initial lead concentration, mass of adsorbent, contact time, temper-
ature and pH were investigated. The examination of the main fac-
tors affecting the adsorption process and their interactions
followed by its optimization were studied by the application of
experimental designs method. Kinetic and isothermal experiments
were conducted to evaluate the adsorption rate of Pb?".

2. Materials and methods
2.1. Adsorbent

2.1.1. Raw wood sawdust

Dibetou wood sawdust was collected from a primary wood pro-
cessing industry in Fez city/Morocco. It was washed several times
with water, dried at 105 °C during 24 h and then crushed and
sieved to particle sizes of 100-500 um.

2.1.2. Chemically activated wood sawdust

The raw Dibetou sawdust was subjected to a double chemical
activation by nitric acid (20%) and by sodium hydroxide (1 mol.
L) according to the following protocols:

- The sawdust was first pretreated by 20% HNO3 with a liquid/-
solid ratio of 10:1 and stirred for 4 h at 60 °C. After filtration,
washing with water was carried out until a pH equal to 7. Then
the pretreated sawdust was dried at 105 °C for 6 h.

- The pre-hydrolyzed sawdust was treated with sodium hydrox-
ide (NaOH), by adding 250 mL of NaOH (1 mol.L™!) to 10 g of
previously pre-hydrolyzed Dibetou; the mixture was then
mechanically stirred for 1 h at 90 °C. After filtration, the treated
sawdust was washed with tap water until a pH of 7 and then
dried for 4 h at 105 °C.

2.2. Adsorbate

Stock solution of lead (II) was prepared by dissolving lead
nitrate Pb(NQOs), in double distilled water. Pb (II) solutions of dif-
ferent desired concentrations were obtained by diluting the stock
solution. Standard solution of Pb(II) (1000 mg.L~!) for atomic
adsorption spectrophotometer was obtained from Merck, Ger-
many. 0.1 mol.L™! NaOH and 0.1 mol.L~! HNO5 were used for pH
adjustment.

2.3. Characterization of adsorbent

The raw and activated Dibetou sawdust were characterized by
Scanning Electron Microscopy (SEM: Philips XL30i scanning elec-
tron microscope) and the surface functional groups were detected
by the Fourier Transform Infrared Spectroscopy (FTIR: Perkin Elmer
brand spectrometer) using a KBr wafer with the wavenumber
ranging 500-4000 cm .

2.4. Pb** ions adsorption process

The adsorption of Pb?* ions onto raw and activated Dibetou
wood sawdust was investigated by batch technique. The removal
rate study was followed as a function of initial lead concentration
(C), mass of adsorbent (m), contact time (t), pH of the solution (pH)
and temperature of the medium (T).

After the adsorption process, the concentration of Pb?* ions was
determined by flame atomic absorption spectrometry (AAS) using
a GBC 932 AA spectrophotometer.
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The quantities adsorbed (qge) are conventionally calculated by
the difference between the initial and the equilibrium concentra-
tions, according to the Eq. (1):

_ Co—Ce
T om

qe xV (1)
where, Cg and C. are the initial and final concentrations (mg.L~!), m
is the mass of Dibetou sawdust (g) and V is the volume of the solu-
tion (L).
The adsorption rate (% ads) of Pb%* ions was calculated using Eq.
(2):
Ce

%Ads — C"C;

0

x 100 (2)

2.5. Experimental designs methodology

During this study, we have adopted two types of experimental
designs namely:

- The 2 *-full factorial design that aims to evaluate the effect of a
number of factors (k = 5) which are pH of the solution (pH),
temperature of the medium (T), contact time (t), mass of the
adsorbent (m) and initial metal concentration (C) on the
adsorption rate of Pb?* jons (% Ads), using raw and activated
Dibetou sawdust. It consists in taking for each factor two signif-
icant values (or levels) which correspond to the limits of the
domain of variations. The lower bound is the low level (-1)
and the upper bound is the high level (+1). The regression equa-
tion is given by the following mathematical model (Eq. (3)):

Y=bo+ Zbixi + Z byXi; + Z DijiXiji + Z bijaXijia + Z bijimXijiim
7

i) ik ik ij~k=lAm
3)

where by, b;, .. ., by are the coefficients of the model, Xj; is the inter-
action between the parameters X; and X;, and Y is the adsorption
rate of Pb* ijons.

During this study, we consider that the interactions between
three or more variables are negligible.

- The response surface methodology that allows to define the
optimal experimental conditions in order to reach a maximum
adsorption rate, using central composite design with k factors
which include N¢ tests of a full factorial plan 2¥, 2 k star tests
on the axes and Ng central tests.

The regression equation is expressed by the second order poly-
nomial model (Eq. (4)):

Y =bo+ Z biX; + Z b,~,-Xi2 + Z biJ-X,-j (4)

i#j

where Y is the predicted response (adsorption rate); X; are the inde-
pendent variables (pH, initial metal concentration, mass of adsor-
bent, contact time and temperature). The parameter by is the
model constant; b; is the linear coefficient; b;; are the quadratic
coefficients and by; are the cross-product coefficients.

All results and calculations (regression, statistical tests and
graphs) were performed with Nemrodw software (New Efficient
Methodology for Research Using Optimal Design, LPRAI).

2.6. Monitoring of adsorption kinetic

The kinetic study of Pb?* adsorption on raw and activated Dibe-
tou sawdust has been conducted based on the correlation between
the experimental results and those obtained with two models of
kinetics, namely:

- Lagergren model (pseudo-first order) which is expressed by
the Eq. (5):

Ln(q, — q,) = Ln(q.) — k1.t ()

where, k; is the kinetic constant of the pseudo-first order (min~1), q;
and q. are the adsorption capacities at time t and at equilibrium
(mg.g~!) and t is the contact time (min).

- Blanchard model (pseudo-second order) which is expressed by
the Eq. (6):

L
q k.q? q,

(6)

where, k; is the kinetic constant of the pseudo-first order (g.mg~'.
min~ ).

The agreement between the experimental results and those
predicted by these models was based on the determination coeffi-
cients (R?) and the values of the theoretical and experimental max-
imum capacities.

2.7. Modeling of adsorption isotherms

Langmuir and Freundlich models were chosen to describe the
adsorption of Pb?* ions at equilibrium, which allows the calcula-
tion of experimental data for the adsorption reactions. Langmuir
(Eq. (7)) and Freundlich (Eq. (8)) models can be represented by
the following mathematical equations:

Langmuir model : C_ 1 Ce

e max- b qmax

(7)

where, C. is the concentration of lead (II) at equilibrium (mg.
L), qe is the adsorbate amount per unit of the adsorbent mass
at equilibrium (mg.g~!), qmax is the theoretical maximum adsorp-
tion capacity (mg.g~!) and b is the adsorption constant.

Freundlich model : Log(q,) = Log (Ky) + %fLog(ce) (8)

where, K¢ and n¢ are the adsorption constants.

3. Results and discussions
3.1. Characterization of raw and activated Dibetou sawdust

3.1.1. Scanning electron microscopy (SEM)

The morphological analysis of both raw and activated Dibetou
sawdust by scanning electron microscopy shows that the fibers
of raw sawdust (Fig. 1-A) are intact and have a heterogeneous
outer surface, which is due to the existence of natural constituents
of wood (waxes, resins, pectins, hemicellulose, lignin...etc.) that
cover the bundles of microfibrils (El Hajam et al., 2019b). However,
after the chemical treatments with nitric acid and hydroxide of
sodium (Fig. 1-B) significant changes in the surface topography
have been observed; it is seen that the cellulosic fibers are separate
and well identical, even if they do not have a well-defined orienta-
tion. The chemical activation has therefore allowed the dissolution
of the extractive material, hemicelluloses and an important part of
the lignin, resulting in a reduction of the length of the microfibrils
and the improvement of sawdust porosity (Mirahmadi et al., 2010).

3.1.2. Infrared absorption spectroscopy (IRTF)

The analysis and the comparison of the infrared absorption
spectra (Fig. 2) reveals some differences in the characteristic bands
between raw and activated Dibetou. The treatment of sawdust
with nitric acid and sodium hydroxide leads to a decrease in the
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Fig. 1. SEM photos of Dibetou sawdust; (A): Raw sawdust and (B): Activated sawdust.

intensity of the absorption band located at 3390 cm~! which cor-
responds to the elongation vibrations of O—H bond of the aromatic
and aliphatic structures of phenol, lignin and cellulose (Sain and
Panthapulakkal, 2006). The absorption band detected at
1725 cm™! which is characteristic of C=0 valence vibration of car-
boxylic acids and/or xylan esters present in hemicelluloses and lig-
nins (Sun et al. 2005; Mortazavi and Kamali, 2010) was completely
disappeared from the spectrum of activated sawdust because of
the elimination of most hemicelluloses and lignin. The pics at
1500 cm~!, 1381 cm™! and 1163 cm™! which are attributed to
the deformation C=C of the aromatic cycles of the lignin, to C—H
bending vibration and to C-O-C asymmetric stretch vibration in
cellulose and hemicelluloses successively (Himmelsbach et al.,
2002, El Hajam et al., 2019b) were completely removed after the
treatments. The bands observed at 1137 cm™!, 1115 cm™! and
1032 cm™! became larger after the chemical treatment because
of the removal of hemicellulose and lignin, thus increasing the cel-
lulose level.

3.2. Adsorption process: preliminary study

3.2.1. Effect of initial Pb** concentration

The study of the influence of the initial metal concentration on
the adsorption rate is carried out by considering seven concentra-
tions namely 10, 20, 50, 100, 200, 300 and 500 mg.L~". The exper-
iments were conducted using 100 mL of lead solution with a pH of
6 containing 2 g of Dibetou sawdust. The whole is stirred at room
temperature for 2 h.

Activated Dibeton

| L
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h i
: i
i i
i ' g
' [
i '
: i
:
h d
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i i
i '
Raw Dibetou {
i
.
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b

The results obtained (Fig. 3) indicate that the adsorption rate of
Pb?* ions onto raw Dibetou sawdust reached a percentage of about
84% and it remained virtually constant over a concentration range
of 10 to 100 mg.L~'. However, an adsorption rate of 91% was noted
using the activated Dibetou sawdust over a concentration range of
10 to 250 mglL~!. This led to the establishment of a plateau
indicating a steady state resulting from the saturation of the active
sites. But, by exceeding these intervals, removal rates of Pb®* ions
decrease progressively to reach 44% with raw Dibetou and 72%

100 - == Raw Dibetou
g = —@— Activated Dibetou
T—=z =
. ¥
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Fig. 3. Effect of initial Pb** concentration on the adsorption rate (pH = 6, m = 2 g,
V =100 mL, t = 2 h and room temperature), values are expressed as mean + SD
(n=2),(p<0.05).
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Fig. 2. Infrared spectrum of raw and activated Dibetou sawdust.
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with its activated form using an initial concentration of about
500 mg.L~! of Pb?*.

The analysis of the results obtained shows that the chemical
activation of Dibetou sawdust resulted in higher adsorption rates,
exceeding those obtained using raw sawdust of about 10% when
the initial Pb%* concentration is less than 100 mg.L~! and about
30% when this latter reaches 500 mg.L~". Then, it can be concluded
that the chemical treatment of Dibetou sawdust ensured activation
of the adsorption sites, by minimizing the content of the lignin and
hemicelluloses contained therein and by increasing the porosity of
the adsorbent matrix and its specific surface (Mahmoudi et al.,
2014). The same conclusion was reported by Srinivasa et al.
(2007), proving that chemical activation of sawdust with acid
improves the ability of the material adsorbent to attach to the
adsorbate.

3.2.2. Effect of adsorbent quantity

The evolution of the adsorption rate of Pb?* ions as a function of
the adsorbent quantity was carried out by dispersing increasing
amounts of sawdust, ranging from 0.25 to 3 g in 100 mL of lead
solution which has an initial concentration of 100 mg.L~' and an
initial pH of 6. The mixture was stirred at room temperature for
2 h.

The results obtained (Fig. 4) show that the increase in the adsor-
bent mass leads to a gradual improvement in the removal rate of
Pb?* ions.

The adsorption rate of Pb?* ions increases from 49.36% for raw
sawdust to 55.6% for activated sawdust when the mass of these
sawdusts is 0.25 g. However, with a mass of 3 g these rates reached
81.24% for raw Dibetou and 93.52 for the activated Dibetou.

Indeed, if the dispersed adsorbent amount increases, the active
adsorption sites will be more numerous, thus promoting the reten-
tion of Pb?* ions. The same remark was noted by Argun et al.
(2007), El Hajam et al., 2019b and Rafatullaha et al. (2009) for
oak, Cedar and Meranti sawdusts successively. In addition, it can
be concluded that the activated sawdust ensures a retention of
Pb?* ions which exceeds 12% that obtained by the raw sawdust.

We have also noted that from a determined amount of sawdust,
there was establishment of an equilibrium plateau because of the
saturation of the active sites of adsorption. This optimum dose
was equal to 1 g for activated sawdust and to 1.5 g for raw saw-
dust. A similar observation was previously reported by Ajmal
et al. (1998) and Fiset et al. (2000) for the adsorption of Cu (II)
on Mango sawdust.

3.2.3. Effect of pH of lead solution
In this study, we tested the effect of the pH of lead (II) solution
on the adsorption rate of Pb?* ions. The pH values vary from 1 to 6

__ oo —— Raw Dibetou
] =@ Activated Dibetou
& 90
e}
o
‘s 80
)
2
& 70
c
o
8 60
o
T 50
<

40

0 0.5 1 15 2 2.5 3

Mass of adsorbent (g)

Fig. 4. Effect of adsorbent quantity on the adsorption rate of Pb?* ([Pb**] = 100 mg/
L,V =100 mL, pH = 6, t = 2 h and room temperature), values are expressed as
mean + SD (n = 2), (p < 0.05).

$ 100 7| === Raw Dibetou
5 —&— Activated Dibetou
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S 50
<

40

0 2 4 6
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Fig. 5. Effect solution pH on the adsorption rate of Pb?* ([Pb?*] = 100 mg/L, m=2 g,
V =100 mL, t = 2 h and room temperature), values are expressed as mean + SD
(n=2),(p<0.05).

with a pitch of 1, by adding 2 g of each type of sawdust to the solu-
tions, the whole mixture was then stirred for 2 h at room
temperature.

The results obtained (Fig. 5) show that the adsorption process of
Pb?* ions was effectively influenced by the initial pH of the med-
ium. There was an increase in the removal rate of Pb%" with
increasing pH of the solution. Indeed, when the pH of the medium
passes from 1 to 6 successively, the adsorption rate of Pb?" passes
from 48% to 83% for the raw Dibetou and from 59% to 92% for acti-
vated Dibetou.

The analysis of these data has led us to notice that the adsorp-
tion rates of Pb?* ions on activated sawdust exceed those obtained
using raw sawdust by 10%.

This result can be explained by the fact that in a strongly acidic
medium (pH < 3), the concentration of H" ions in solution is very
high and thus compete with the Pb?* ions for the active sites of
the adsorbent, which leads to a drop in the effectiveness of saw-
dust to fix Pb?* ions. By increasing the pH of the solution
(3 < pH < 5), the concentration of H* protons decreases, however
that of Pb?* ions remains constant, which explains the increase in
the adsorption rate. At pH = 6, it is assumed that there are fewer
H* protons in the solution which justifies the maximum rate of
adsorption from this pH value. But at pH values above 6, the pre-
cipitation process becomes dominant or the ion exchange and
the formation of metallic hydroxide can become significant mech-
anisms in the Pb?* removal process.

According to the solubility product constant of Pb(OH),
(Ksp = 1.43 x107!°) and the initial Pb?* concentration of 100 mg.
L', the pH of appearance of lead hydroxide (Pb(OH),) calculated
is 8.33, which indicates that the choice of our pH range is reason-
able, because the metal precipitation could lead to a false calcula-
tion of the adsorption capacity. The same observation was reported
by Deng et al. (2010), and Hao et al. (2012), who studied the
adsorption of Pb (II) on functionalized graphene.

3.2.4. Effect of temperature

The experiments of this study were carried out in a range of 25
to 50 °C. The conditions of the experiment are as follows: Pb?* con-
centration of 100 mg.L~!, pH of 6 and 2 g of sawdust. The mixture
was stirred for 2 h.

The results obtained (Fig. 6) show that the adsorption rate of
Pb?* ions is inversely proportional to the temperature. It is there-
fore an exothermic adsorption phenomenon. The same result was
previously reported by Jianga et al. (2009) in the study of Cu (II)
adsorption on modified bagasse.

The decrease in the removal rate of Pb%* ions can be explained
by the degradation of some sites responsible for the adsorption
and by the solubilization of low-molecular-weight organic com-
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Fig. 6. Effect of temperature on adsorption rate of Pb?* ([Pb%*] = 100 mg/L, pH = 6,
m=2g V=100 mL and t = 2 h), values are expressed as mean + SD (n = 2),
(p < 0.05).

pounds present in raw Dibetou sawdust, which weakens the
adsorption forces between the active sites of sawdust and the solu-
tion loaded with Pb?* and also between the adjacent molecules of
the adsorbed phase.

3.2.5. Effect of contact time

The plot of the adsorption rate as a function of time (Fig. 7)
shows that the adsorption equilibrium was practically reached
after the first 60 min of the contact with activated Dibetou sawdust
and after 90 min of contact with raw sawdust.

Based on the same treatment method, other studies (Yu et al.,
2001; Ahmad et al., 2009) have shown that a contact time of 2-
3 h is sufficient to have a maximum retention rate of Pb?* jons
on other types of wood sawdust namely maple and Meranti.

The adsorption of Pb?* ions on raw and activated wood sawdust
was done in three steps:

. 100
S
& 90
o
o
G
P 80
e
S 70
i
§ 60 == Raw Dibetou
'g - Activated Dibetou
50
0 60 120 180 240

Contact time (min)

Fig. 7. Evolution of the adsorption rate of Pb®* as a function of time ([Pb?*] = 100-
mg/L, m =2 g, V=100 mL pH = 6 and room temperature), values are expressed as
mean * SD (n = 2), (p < 0.05).

Table 1
Factors and levels used in factorial design.

o The first step corresponds to a rapid adsorption during the first
20 min, because of the saturation of the accessible sites located
at the solid-liquid interface. The adsorption rates were 78.4% for
raw Dibetou and 85.52% for activated Dibetou.

e The second step was slower, it lasted 40 min and the adsorption
was done by the diffusion of the metal in the micropores.

e The last stage which is characterized by a plateau was due to
the establishment of a balance between the adsorption and des-
orption speeds. The adsorption rates in this step were about
84.48% with raw sawdust and 92.56% with the activated one.

The analysis of these results has shown that the activated saw-
dust was very effective in retaining the maximum of Pb?* ions in a
short time compared to raw sawdust.

3.3. Experimental designs

3.3.1. Full factorial design

The domain of study of each parameter was defined based on
the results of the preliminary study of Pb?" adsorption on raw
and activated sawdust. The five factors chosen are shown in
Table 1, by giving for each of them a minimum value (-1) and a
maximum value (+1).

We have chosen two-level full factorial design with five factors
(2%), by performing a repetition for each experiment, so the total
number of experiments required for this study was 64.

3.3.1.1. Statistical validation of the model.
3.3.1.1.1. Analysis of variance. The significance of the independent
variables and their interactions was tested with various statistical
analyses such as analysis of variance (ANOVA), coefficients of
determination (R?), and adjusted determination coefficients (R A).
The results presented in Table 2 for both raw and activated saw-
dust reveal that the main effect of the regression is significant,
since the probability of the significance of p-value risk is less than
0.05. Furthermore, the model does not show lack of adjustment,
since the probability of risk significance is greater than 0.05 (p-
values are 80.4 for raw Dibetou and 7.4 for activated Dibetou).
The coefficients of determination (R?) which are 94% for the raw
Dibetou and 93% for the activated Dibetou are enough to validate
the model, because these latters give a good agreement between
the experimental values and those predicted.

3.3.1.1.2. Residue distribution. The results of residue distribution
(Fig. 8) are consistent with those obtained by the analysis of vari-
ance (Table 2), showing that the residues are distributed randomly
according to the response Y. Based on these results we can con-
clude that the adapted model is validated.

3.3.1.2. Study of the effect of factors on Pb>* ions adsorption.

3.3.1.2.1. Estimation of the coefficients. Figs. 9 and 10 link each coef-
ficient to its “t-student” values which determine the significance of
the determination coefficients of each factor and to its “p-values”
which are defined as the lowest level of significance that reject
the null hypothesis HO (bi = 0 and o = 0.05). More the t-student’s
value is higher, more the p-value is lower, and more the

Designation factors studied Low level (-1) High level (+1) Coefficients
X1 m (g) 0.25 1.5 b1
X2 C(mglL™) 50 500 b2
X3 T (°C) 25 50 b3
X4 pH 1 6 b4
X5 t (min) 5 90 b5
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Table 2
Analysis of variance and coefficients of determination.

Source of variation Sum of squares Degrees of freedom Mean square Rapport Signif. P-value
Raw Dibetou sawdust
Regression 8.67548 * 10* 15 5.78366 * 10% 56.0556 <0.01 ***
Residual 4.95250 * 102 48 10.3177
Validity 1.23750 * 10? 16 7.73438 0.6662 80.4
Error 3.71500 * 10? 32 11.6093
Total 9.17073 * 103 63
R? 0.946
R?A 0.929
Activated Dibetou sawdust
Regression 1.07213 * 10* 15 7.14757 * 10? 44,2688 <0,01 ***
Residual 7.75000 * 10? 48 16.1458
Validity 3.68500 * 10% 16 23.0313 1.8130 7.4
Error 4.06500 * 10? 32 12.7031
Total 1.14963 * 10* 63
R? 0.933
R?A 0912
a) b)
" Noo ® N ® o
’g ¢ % 5.95 1 R
L

g 2.75 ¢ : ¢ ‘3 ® * L X 4 o

e~ s S o a 1* P

L o 3% o @ 2.98 ° é °
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Fig. 8. Study of residue; (a: Raw Dibetou and b: Activated Dibetou).

corresponding coefficient term is significant (Pennington et al.,
2004). These figures show also the main effects of the five factors
studied.

« Raw Dibetou

For raw Dibetou, the analysis of the results obtained (Fig. 9)
leads to conclude that the constant by, the coefficients b; (mass
of the adsorbent), b, (metal concentration), b, (pH) and bs (contact
time), as well as the interactions between the second and the fifth
factors (b,.s) and the fourth and fifth factors (b,4.s) are statistically
significant, which then influence the adsorption process of Pb?*
ions since their significance risks are less than 5%.

o Activated Dibetou

For activated Dibetou, the analysis of the results obtained
(Fig. 10), shows that the constant by, the coefficients b; (sawdust
mass), b, (metal concentration), by (pH) and bs (contact time), as
well as the interactions between the second and the fourth factors
(by_4), the second and fifth factors (b,_5) and the fourth and fifth
factors (b4.s) influence the adsorption process of Pb* ions (statis-
tically significant) since the risk of significances are<5%.

3.3.1.2.2. Mathematical model. Based on the results of the esti-
mation of the coefficients and the study of the interactions
between the different factors governing the adsorption of Pb?* ions
on the different sawdust, the mathematical models representing
the response Y as a function of the most influential factors are:

Y(z‘;(rAds, Pbonto raw Dibetou) — 66.641 +4.328X; — 5.172X;
+7.734X, + 5.141X5 + 1.328X,X5

— 0,828X.X; 9)
Y%“tAds. Phonto activated Dibetou) — 73.797 +5.141X; — 5.297X; + 8.422X,

+5.734X5 — 1.484X,X4 + 1.078X3X5 — 2.016X,4X5

(10)

3.3.2. Response surface methodology: central composite design

To optimize the factors influencing the adsorption of Pb* ions,
the selection of a response surface methodology has been designed
in order to seek an optimal combination of the four main parame-
ters (mass of adsorbent (m), metal concentration (C), pH of the
solution (pH) and contact time (t)). Response surface methodology
(RSM) was applied using a central composite design (CCD), which
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pH
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-8.00 -4.00 0.00

4.00

Fig. 9. Effect of the factors influencing the adsorption of Pb?* ions onto raw Dibetou and their coefficients.

Coef. Effect | t. exp. Signif.
bo 66.641 165.97 | <0.01 ***
b1 4.328 10.78 | <0.01 ***
b2 -5.172 | -12.88 | <0.01 ***
b3 -0.703 -1.75 8.6
bs 7.734 1926 | <0.01 ***
bs 5.141 12.80 | <0.01 ***
b1 0.328 0.82 41.8

b1z -0.078 -0.19 84.7

b2a 0.109 0.27 78.6

b1 -0.328 -0.82 41.8

b2 -0.578 -1.44 15.6

bas 0.328 0.82 41.8

b1s -0.422 -1.05 29.9

bas 1.328 331 0.179 **

bas 0.172 0.43 67.1

bss -0.828 -0.06 446 *

***: Highly significant coefficent; **: Very
significant coefficient; *: Significant coefficient

pH

b1

b2

b3

b1-4

b4-5

-10.00 -5.00

0.00

5.00 10.00

-5.30

5.14

8.42

5.73

Coef. E ffect t. exp. Signif.
bo 73.797 146.93 | <0.01 ***
b1 5.141 1023 | <0.01 ***
b2 -3.297 | -10,55 | <0.01 **=*
ba -0.641 -1.28 20.8
bs 8.422 16.77 <0.01 ***
bs 5.734 11.42 < 0.0] ***

b12 0.109 0.22 82.9
b1 0.016 0.03 97.5
b23 -0.109 -0.22 82.9
b4 -0.734 -1.46 15.0
b2 -1.484 -2.96 0.483 **
bay 0.422 0.84 40.5
bis -0.797 -1.59 11.9
bas 1.078 2.15 3.69 *

bas 0.109 0.22 82.9

bss -2.016 -4.01 0.0209 **x*

*** Highly significant coefficient; **: Very
significant coefficient; *: Significant coefficient

Fig. 10. Effect of the factors influencing the adsorption of Pb?* ions onto activated Dibetou and their coefficients.
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comprises a full factorial design with 16 tests, 8 axial points and 3
central tests. We performed a repetition for the axial and the full
factorial tests, which giving 51 experiments.

Based on the previous effects, experimental domains of factors
were constructed, which are presented in Table 3.

Table 3
Experimental domain of factors.
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3.3.2.1. Model validation and process optimization. The coefficients
of determination R2 which are about 96% for raw Dibetou and
95% for activated Dibetou are proof for the validity of the model,
because they give a good agreement between the experimental
values and those predicted by the model. In addition, the main

Designation Notation Low level (—1) Central level (0) High level (+1)
X1 m (g) 0.25 0.87 15
Xo C(mgL™) 50 275 500
X5 pH 1 35 6
X4 t (min) 5 475 90
C X2 (ot x2 Bl
\ Al ¢ ;
500.007 77.80 T00 500.007 33.80 00"
88.p0 —
/ 94.00
.50
X4 X4
275.001 1 0g /50 00 0.50 00 275,00 I 2, .00 0.50 0
.50
50.00 =1 : T 100 T 50.00 2 0%
= 1 I | I
5.00 47.50 90.00 5.00 47.50 90.00
t t

Fig. 11. RSM (3D) and corresponding contour plot (2D) in the plane (C, t): (A1 and A2) Pb?* adsorption onto raw Dibetou sawdust; (B1 and B2) Pb?* adsorption onto activated

Dibetou sawdust; (Fixed factors: m = 0.875 g and pH = 6).
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effect of the regression is significant since the probability of signif-
icance of the risk p is less than 0.05. The chosen model doesn’t
show a lack of adjustment since the probability of risk significance
is greater than 0.05. These results are consistent with those of the
residues distribution, showing that the curves presenting the
experimental values as a function of the predicted ones have a lin-
ear appearance, proving then the validity of the adapted model.

All coefficients have a significant influence on Pb?* adsorption.
Only b;_5, b1, b_3, b1_4, bo_3 and bz_4 interaction effects in the case
of Pb?* adsorption onto raw Dibetou sawdust and b,_5, by_5, bi_3
and by_4 in the case of Pb?* onto activated Dibetou sawdust showed
to be statistically not significant. Based on these results, second-
order polynomial equations for Pb?* removal percentage is
expressed as follows:

Y(%Ads, Pb**onto raw Dibetou)

=90.558 + 4.528 « X; — 5.194 X, + 7.528 % X
+4.9444 + X4 — 10.114 % (X; +X1) — 7.614 % (X3 + X3)
—2.864 # (X4 + X4) + 1.594 + (X5 + X4) (11)

Y(%Ads, Pb**onto activated Dibetou>

=96.760 + 5.056 * X1 — —5.028 x X5 + 7.972 x X5
+5.667 « X4 —7.950 « (X7 % X1) — 7.200 * (X3 % X3)
—4.450 « (X4 x X4) — 2.125 % (X3 * X3) + 1.250
« (X2 % Xa) — 1.813 % (X3  X2) (12)

3.3.2.2. Profile of isoresponses. To achieve the maximum adsorption
of Pb?" ions onto raw and activated Dibetou sawdust, the RSM
modeling was used.

The 2D graphs allow to illustrate the isoreponses curves that
show the adsorption rate of Pb>* jons onto raw Dibetou (Fig. 11-
A1) and activated Dibetou (Fig. 11-B1), depending on the level of
parameters. Moving towards areas of low concentration and high
values of contact time, it is found that the adsorption rate of Pb?*

Table 4
Predicted and experimental values for test points.

ions increases, while it decreases for the highest concentrations
and the lowest contact times.

The 3D graphical presentations (Fig. 11-A1 and B2) reveal
response surfaces where the red color expresses the surface with
higher adsorption rate of Pb?" ions. It is found that the optimal con-
ditions for reaching maximum adsorption rates are to work in the
case of raw Dibetou at high levels (+1) of pH and contact time and
at central levels (0) of adsorbent mass and metal concentration and
in the case of activated Dibetou at high level (+1) of pH and at cen-
tral levels (0) of adsorbent mass, contact time and metal
concentration.

3.3.2.3. Experimental test. In order to finalize the experimental
validity tests of the chosen model, we used the test point which
allowed us to obtain a result that corresponds to the desired
response (adsorption rate of Pb%*). The optimum values of different
independent variables (mass of adsorbent (m), initial lead concen-
tration (C), pH of the solution (pH) and contact time (t)) are deter-
mined as shown in Table 4.

The results presented in Table 4 show that there are no signifi-
cant differences between experimental and predicted responses,
which confirm that the proposed model combined with RSM is
an effective approach for modeling the adsorption process and to
understand the relationships between the independent variables
and response.

3.4. Kinetics of adsorption

In order to study the adsorption kinetics of Pb?>* onto raw and
activated Dibetou sawdust, two models were used to verify the
experimental results, namely the pseudo-first order model and
that of the pseudo-second order.

The results obtained are shown in Figs. 12 and 13; the kinetic
constants derived from these graphs are summarized in Table 5.

The mathematical equations of the pseudo-first order model of
Pb2* adsorption on raw (Eq. (13)) and activated (Eq. (14)) Dibetou
sawdust and those of the pseudo-second order model of Pb?*

Parameters Real values Code Predicted response % Experimental response %
Raw Dibetou m (g) 0.875 0 95 94.12
C(mglL™) 275 0
pH 6 +1
t (min) 90 +1
Activated Dibetou m (g) 0.875 0 100 98.94
C(mglL™") 275 0
pH 6 +1
t (min) 475 0
3 ¥ Raw Dibetou 3.4 @ Activated Dibetou
= 2 = *
' T 32
g1 & <
c c “
= — 3
0 e *
-1 2.8
2 t (min) 0 20 40 .60 80 100
t (min)

Fig. 12. Curves illustrating the pseudo-first order kinetic model for Pb?* adsorption on raw and chemically activated Dibetou sawdust.
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Fig. 13. Curves illustrating the pseudo-second order kinetic model for Pb?* adsorption on raw and chemically activated Dibetou sawdust.

adsorption on raw (Eq. (15)) and activated (Eq. (16)) Dibetou saw-
dust are:

Ln(q, — q,) = —0.0388 + 2.3281 (13)
Ln(g, — g,) = —0.0033t + 3.1264 (14)
t/q, = 0.0315¢ +0.1346 (15)
t/q, = 0.0199¢ + 0.0216 (16)

The linear regression results and the determination coefficients
show that the adsorption data are well represented by the pseudo-
second-order kinetic model. This can be explained by the high val-

ues of the determination coefficients (0.99 < R? < 1) and the agree-
ment between the experimental and the calculated maximum
adsorption capacities (Table 5). This result has also been proved
by Taty-Costodes et al. (2003) and by Arabkhani and Asfaram,
(2020).

3.5. Adsorption isotherms

The study of the Pb?* adsorption isotherm on raw and activated
Dibetou sawdust was carried out under the optimal conditions
mentioned previously by plotting the quantity adsorbed (qe) vs.
the equilibrium metal concentration (Ce), for Pb%* concentrations
ranging from 10 to 500 mg.L~'. The graphics of Langmuir and Fre-
undlich isotherms models are shown in Fig. 14.

Table 5
Kinetic Parameters of the Lagergren and Blanchard Models, the Case of Lead (II) Adsorbed by Raw and Activated Dibetou sawdust.
1st order 2nd order
R? K (min~") g (mg.g") R? K; (g-mg~'min) ge (mg.g")
Raw Dibetou 0.8569 0.0388 10.26 0.9968 0.0074 31.75
Activated Dibetou 0.6489 0.0033 22.79 0.9999 0.0183 50.26
=l Experimental data/ Raw Dibetou == Experimental data/ Activated Dibetou
Freundlich/ Raw Dibetou Freundlich/ Activated Dibetou
==@— Langmuir/ Raw Dibetou 80 —— Langmuir/ Activated Dibetou
50
40 60
Ad
o
° 30 c
& 40
20
20
10 .
0 0
0 100 200 300 0 50 100 150 200
Ce (mg.L?) Ce (mg.L?Y)
Fig. 14. Modeling of the adsorption isotherms of Pb?* ions on raw and activated Dibetou sawdust by Langmuir and Freundlich models.
Table 6
Langmuir and Freundlich constants for Pb?* ions adsorption on raw and activated Dibetou sawdust.
Langmuir model Freundlich model
Rz Omax (mgg1) b (L'mg71) Rz Kf n
Raw Dibetou 0.9817 33.33 0.0196 0.9387 0.85 1.63
Activated Dibetou 0.9961 61.73 0.0864 0.9247 1.57 1.99
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According to the classification of the adsorption isotherms
adopted by Giles et al. (1960), the adsorption isotherm of Pb?* on
both raw and activated sawdust is of type “L” which corresponds
to the Langmuir isotherm (Fig. 14). This model assumes that the
adsorption is monolayer and is done on homogeneous and specific
sites. The adsorption capacity of Pb%* ions on the activated sawdust
is very important compared with that obtained with raw sawdust:
they are 61.73 mg.g ™~ 'for activated Dibetou and 33.33 mg/g for raw
Dibetou (Table 6). The same observation was reported by Ghaedi
et al. (2015) and El Hajam et al. (2019c¢).

4. Conclusion

The adsorption experiments of Pb?* ions on raw and chemically
activated Dibetou sawdust were carried out in order to study their
capacities to treat water loaded with Pb (II) and their abilities to
retain these ions.

After characterizing raw and activated Dibetou sawdust, various
parameters have been determined and optimized namely pH, tem-
perature, initial metal concentration, mass of adsorbent and con-
tact time in order to predict the optimal conditions for adsorbing
Pb%* ions on these sawdusts. Atomic absorption spectroscopy
was used to quantify the residual concentration of Pb?* jons in
the synthetic aqueous solutions.

The results obtained lead to conclude that the adsorption pro-
cess of Pb%* jons on both raw and chemically treated sawdust
was effective. We have also noticed that activated sawdust is more
effective than raw sawdust.

The application of full factorial design allows to determine the
main effects of different factors and their interactions on the
adsorption phenomena. It shows that the temperature of medium
has no effect on the adsorption process. The optimization using
central composite design shows that the adsorption rates of Pb?*
ions on both sawdusts reached its maximum at pH of 6 using a
mass of sawdust of about 0.875 g and a metallic ions concentration
of 275 mg.L~! during a contact time of about 90 min for raw Dibe-
tou and 47.5 min for activated Dibetou.

The modeling of the adsorption isotherms of Pb?* ions on both
sawdusts follows well the Langmuir model (0.999 < R? < 1). The max-
imum adsorbed quantities determined experimentally are close to
those calculated by the model, with the adsorption capacities of
about 61.73 mg.g~! for activated Dibetou, and 33.33 mg.g~! for
raw Dibetou. The adsorption kinetics follows the pseudo-second
order model with determination coefficients very close to the unity.

The results obtained are encouraging for the continuation of
this work and therefore contribute to the depollution of water
loaded with heavy metal cations.
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