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ABSTRACT

In this work, we presented a study on the solid phase adsorption of Pb(II) ion by raw cellulose (CB)
and by modified cellulose (CM). The metal Pb(II) adsorption mechanism was also interpreted by
Fourier-transform infrared spectroscopy and energy-dispersive X-ray spectroscopy. The most import-
ant results for this adsorption can be summarized to: The effect of some experimental parameters
was studied using the adsorption technique. Have shown that the retention of Pb(II) pollutant is a
little fast where the equilibrium is reached after 90 min for CB and 70 min for CM. The kinetics of
adsorption on the cellulose ligand, show that this support is a good adsorbent of Pb(II) in aqueous
solution. This kinetics are influenced by the studied parameters, temperature and pH, the mass of
the support and the initial concentration. The pH of the aqueous phase is between 4.5 and 6. The
increase of the pH of the aqueous phase after adsorption shows that the extraction is done, in addition
to the adsorption, by competition between the resin and the aqueous phase rich in Pb*. Increasing
the temperature of the aqueous phase-resin mixture from 25°C to 65°C increases the adsorption
yield and sorption capacity. This proper that the adsorption is endothermic. The adsorption capacity
increases with increasing initial lead concentration and reaches a maximum equal to 32.35 mg g™
(CB) and 56.32 mg g (CM) at a 100 ppm. This retention capacity is very important which show
that this resin has a high affinity for lead. The comparative study of all experimental results has
confirmed the bioadsorption potential of the studied bioadsorbent for the removal of the metal Pb(II).

Keywords: Lead ions Pb*; Typha latifolia; Adsorption; Fourier-transform infrared spectroscopy/
scanning electron microscopy/energy-dispersive X-ray spectroscopy; Cellulose; Raw cellu-
lose (CB)/modified cellulose; Kinetic modeling

1. Introduction accompanied by atmospheric and water pollution, which
poses a real problem for the environment. Industrial activ-
ity in the extraction or elaboration of metals generates
aqueous effluents charged with toxic metallic elements in
varying concentrations, and sometimes discharged without

Water is essential to life on earth, but it is also essen-
tial to the industrial and agricultural development of
human societies [1]. This accelerated development is often
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treatment into the receiving environment [2]. Thus, the pol-
lution of water by heavy metals is currently a major concern
for the quality of water and the environment [3]. This fact
leads to the use of more suitable criteria for the protection
of populations exposed to contamination by these metallic
species, so it is important to look for severe means of treat-
ment of industrial wastewater before its discharge into the
natural environment [4,5].

The effluent treatment process aims to reduce the pol-
lutant load to a level deemed acceptable for the receiving
environment. Indeed, the processes implemented in con-
ventional installations are generally expensive and consist of
mechanical, biological or physical-chemical methods, such
as precipitation, electrolysis, ion exchange, oxidation pro-
cesses and adsorption.

Among these methods, adsorption is one of the most
widely used processes in the world to reduce the concen-
tration of metal ions in wastewater and drinking water
systems [6,7].

Cellulose and its derivatives (chitin and chitosan), the
main adsorbents used in water treatment, have many advan-
tages, they allow the removal of a wide range of pollutants
in different types of dyes, but also other organic and inor-
ganic pollutants such as phenols, metal ions, pesticides,
detergents etc. [8,9].

Adsorption is an effective technique used in the
removal of dyes, odor, organic pollutants and inorganic
heavy metal ions from industrial wastewater. Various
absorbents are used in the adsorption process, including
activated carbon, agricultural waste, chitosan and euca-
lyptus barks. Activated carbon is the most widely used
adsorbent due to its excellent adsorption efficiency for
organic and inorganic pollutants, but its use is inadequate
due to its high cost. However, the fight against metal pol-
lution has stimulated the search for clean technologies
and especially processes using natural carriers and less
cost for the removal of heavy metals from the Wastewater
industry. Several studies have recently been developed for
the elimination of heavy metals by plants [8].

Typha latifolia or reed fiber is a cosmopolitan plant,
which can provide reliable aerobic treatment, reliable aero-
bic treatment. In recent decades, a lot of research has led to
the development of this natural material in different fields
such as an additive for building materials, the production
of bioenergy [10], heavy metal phytoremediation [11].

In this context, the present investigative study the
adsorption efficiency of two cellulose-based prepared mate-
rials CB and CM for the metal cation Pb(II) from contami-
nated solution. Initially, the parametric study was carried
out through several parameters. Similarly, the thermody-
namic parameters were calculated using Van't Hoff curves.
Many kinetic models and adsorption isotherms have been
tested to describe the adsorption mechanism [10].

2. Materials and methods
2.1. Extraction of microfibers

Traditional chemical treatments were used to adsorb
the cellulose, with modifications to the waxing, alkali, and
bleaching processes. The following is a description of the
chlorine-free adsorption technique:

2.1.1. Waxing

Approximately 20 g of powder were waxed in a Soxhlet
reflux with a 2/1 mixture of two products (acetone/etha-
nol) at 63°C for about 7 h; the goal of this step is to remove
waxes and the adsorbate. The sample was then placed in
a Buchner and dried under vacuum at room temperature
for 3 h to remove any remaining solvents [11].

2.1.2. Alkaline treatment

The alkaline process was perfected to purify cellulose
of reed fibers by removing lignin and hemicellulose. The
adsorption-free mode was treated with an alkaline solution
(7% NaOH by weight) with a 10/1 solvent/cellulose ratio
at 80°C for 3 h with mechanical stirring. This technique
was perfected three times, with the cellulose being filtered
and washed with distilled water after each treatment to
bring it up to pH [12].

2.1.3. Bleaching of cellulose

A subsequent bleaching procedure was used to remove
any remaining lignin and bleach the cellulose fibers. The
material was immersed in an 11% hydrogen peroxide solu-
tion, the pH was adjusted to 11 using 7% NaOH, and the
system was rapidly agitated at 45°C for 3 h. The bleaching
process was repeated again under the same conditions for
more effective discoloration (Fig. 1), and the microfibers
were filtered and rinsed with distilled water after each
treatment [13].

2.1.4. Preparation of the biosorbent

To study the retention of lead ions by adsorption on cel-
lulose (CB) and oxidized cellulose (CM), we prepared dif-
ferent masses in (g) of cellulosic materials (0.02, 0.05, 0.08,
0.1, 0.2, 0.3, and 0.5) using a balance. Our experimental work
plan was as follows:

Study of the influence of certain physical-chemical
parameters such as contact time, pH, initial concentra-
tion and the nature of the chemical pre-treatment applied
to the support, in the Pb(Il) retention process, varying
only one parameter at a time, keeping the others constant;
Determination of the nature of the adsorption isotherm;
Determination of the adsorption kinetics.

Solubility in water 0.2, loss of mass 6% for T =105°C and
pH=5-75.

The mass 0.1 g of cellulose was chosen in such a way
that the complexation of the appropriate metal was sufficient.

2.2. Preparation of a metal cation solution

In our adsorption tests, we prepared stock solutions of
Pb* ions using lead nitrate Pb(NO,), with a molar mass of
331.2 g mol™, The concentrations of the ions varied between
10 and 100 ppm.

The pH of the solutions was adjusted with NaOH or
HNO,. All solutions were prepared from analytical grade
products and distilled water.

Solutions with lower concentrations are obtained by
diluting this stock solution or an already diluted solution.
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Fig. 2. Direct oxidation of cellulose.

2.3. Treatment of cellulose

However, the use of cellulose as a filter medium or
adsorbent in wastewater treatment requires knowledge
of the structure and texture of the material. This objective
can be achieved in several ways, by increasing its spe-
cific surface. Depending on the type of treatment, these
actions can be combined. However, the main constraints
of chemical treatment are to avoid the loss or degrada-
tion of materials and to limit the formation of inhibiting
products. In this context, and because of the economic
and environmental importance of cellulose recovery in
wastewater treatment, we were interested, first of all, in
the question of the effect of chemical modification on the
microstructure of cellulose within the framework of the
formulation of cellulosic adsorbent materials.

The method described in the literature. Allowing the
oxidation of cellulose was adapted for bark. Three grams
of the crude cellulose is suspended in 300 mL of an aque-
ous solution containing 37 mg TEMPO (0.24 mmol), and
5.64 mL sodium hypochlorite (7.26 mmol) are represented
in Fig. 2. The pH is adjusted and maintained at 10 by
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adding 0.1 M sodium hydroxide, when the pH stabilizes;
the solution is neutralized by adding 0.1 M hydrochloric
acid. The mixture is then kept at room temperature under
magnetic stirring for 85 h. The cellulose is then rinsed with
1 L of ultrapure water and dried in a ventilated oven at
40°C before being weighed to obtain the mass yield of the
reaction [15].

It has recently been shown that CM carboxyl groups
can be introduced, resulting in a more increased surface
charge compared to the hydrolysis of CB, in addition to
the hydrolysis of HCl. TEMPO selectively oxidizes pri-
mary hydroxyl groups (C,) to carboxylates, while sec-
ondary hydroxyl groups are unaffected [16].

2.4. Chemical analysis
2.4.1. X-ray diffraction analysis

The crystallinity of cellulose microfibers was investi-
gated by X-ray diffraction (XRD) analysis, using a pow-
der X-ray diffractometer (D8 ADVANCE A25 Bruker AXS
GmbH, Germany) with Cu Ka radiation (1.5406 A) at 40 kV
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and 25 mA, in the range of 20 = 5°-60° at a scanning rate
of 0.02°s. The crystallinity index (Crl) was calculated
according to Segal equation:

Crl :lOOXM (1)
200
where [ is the diffraction intensity at 20 = 22°-23° and
I is the minimum diffraction intensity at 20 = 18°-20°.
The crystallite size was calculated as per the Scherrer
equation:

L, =094x2Bcos(0) )

h,k,l
where A is X-ray wavelength; 3 is the full width at half
maximum in radians; and O is the Bragg angle.

2.4.2. Morphological structure

A scanning electron microscope (SEM) (Quanta 250
FEG, FEI, USA) with an accelerating voltage of 15 kV was
used to investigate the microstructure and the surface mor-
phology of the obtained cellulose microfibers.

2.4.3. Thermogravimetric analysis

In order to study the thermal stability of the extracted
cellulose microfibers, thermogravimetric analysis (TGA)
was performed using a Mettler Toledo TGA/DSC instrument.

The scan was carried out from 30°C to 800°C at a
heating rate of 10°C/min and under nitrogen atmosphere.

2.4.4. Fourier-transform infrared spectroscopy

To analyze the chemical changes of the samples and
investigate functional groups in the extracted cellulose we
used Fourier-transform infrared spectroscopy. The Fourier-
transform infrared spectroscopy (FTIR) spectra were recor-
ded on a Cary 660 FTIR Spectrometer (Agilent Technologies,
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Fig. 3. FTIR spectrum of raw fiber (a), extracted cellulose (b) and
oxidized cellulose (c).

USA) in a wavelength range of 4,000-400 cm™ with
a resolution of 4 cm™.

2.5. Adsorption process

The liquid-solid adsorption of Pb(Il) is performed in
250 mL beakers. A well-defined volume of the solution of
the element to be adsorbed (100 mL) puts in contact with
a quantity of the cellulose resin (0.1 g) for the time neces-
sary to reach equilibrium under fixed conditions. At the
end of the adsorption, the two phases, liquid and solid. An
AA240FS variable atomic absorption spectrometer is used
to test lead concentrations (AAS).

Adsorption (liquid-solid) is a process of transferring a
solute (material) from a liquid phase to a solid phase. The
time of intimate contact between the two phases is a lim-
iting factor. The search for the time after which the bioad-
sorption equilibrium is reached is necessary. In this work,
the study of this parameter is carried out at times ranging
from 5 to 180 min. The results obtained are summarized
in this chapter, while the calculation of the adsorption
yield and the adsorption capacity is carried out by the
respective use of the following relations [14-16].

c,-C
% Removal = (07]‘) x100 3)
C

0

Qz(COfo)x% )

where C and C, are respectively the concentrations of Pb(II)
ions in the aqueous phase at the initial state, and at equi-
librium in mol L7, V is the volume of the treated lead solu-
tion (100 mL) and m is the mass of the cellulose used (0.1 g).

3. Results and discussions
3.1. FTIR spectroscopic analysis

We used FTIR to investigate the chemical changes in
the various materials explored and the functional groups
in the isolated cellulose (FTIR spectra) are represented
in Fig. 3.

The characteristic vibration bands were assigned,
mainly in agreement with literature data, and taking into
consideration the main differences between the infrared
spectra of the material before and after treatment. It is evi-
dent that the formation of carboxylic groups of CM and
hydroxyl groups of cellulosic chains. As shown in the FTIR
spectrum, the characteristic peaks at about 1,233; 1,367;
1,733; 2,894 and 3,336 cm™ are attributed to (C-O) stretch-
ing, (CH,) symmetric bending, (C-H) stretching, and (O-H)
stretching of cellulose, respectively. It is reported that the
characteristic peaks of carboxyl groups in CM are located
at about 1,733 cm™ (C=0) and 1,280 cm™ (C=0), while the
peak of carbonyl groups in acids emerges at, on the other
hand, the as-created polymeric network can surround and
immobilize (Fig. 4C) and thus, a durable hydrophobic
fabric filter can be obtained [17-20].



A. El Amri et al. / Desalination and Water Treatment 262 (2022) 137-151 141

1367
1233
1030

© < M o
10 g 2 s g8
@ N N - -

\
‘A‘ /

2 AV TN

c \ / 5

S \ \/

€ 06 \/ \\, N

7} \J v ol

c W

g 1] 7

0,5 I [

1) Q

0,3

0,2
4000

T T
2000 1000
Wavenumber cm-1

T
3000

Fig. 4. FTIR spectra of cellulose brute (A), Pb(Il) adsorbed before
(B), and after cellulose extraction (C) and oxidized cellulose (D).

Infrared analysis (FTIR) of the cellulosic compounds
after processing shows the presence of functions charac-
teristic of these coupling agents. The peaks at 1,733 and
1,630 cm™ are respectively characteristics of the carbonyl
functions and the conjugated double bonds. These two
functions should normally be present in the compounds
after grafting. The intensity of the absorption band at
1,662 cm™ is more intense than that at 1,726 cm™ and the
peaks are separated by 64 cm™. In o, B-unsaturated com-
pounds, the vibrational frequency of the carbonyl bond are
lowered from 15 to 40 cm™. It is also noteworthy that the
spectra of the carbonyl compounds show slightly lower
values for the C=O bond elongation vibrational frequen-
cies when obtained in the solid state compared to those
in dilute solutions. This suggests the presence of anhy-
dride on the surface and therefore that not all reactive sites
were consumed during the grafting reaction. In addition,
the band at 893 cm™ characterizes the isolated aromatic
hydrogen in the modified fiber [18].

3.2. XRD analysis

X-ray diffraction is used to study the crystal structure of
commercial microcrystalline cellulose and reed filter plant
extract. They are shown in Fig. 5.

The XRD spectrum of cellulose and reed extract shows
three lines located at 20 = 16.57°-16.50°, 22.81°-22.40°
and 34.77°-34.79°, respectively. The line at 20 = 16.57°—
16.50° corresponds to the diffraction of the (110) type I
crystalline cellulose plane, the lines at 20 = 22.81°-22.40°
and 34.77°-34.79° correspond to the diffraction of the
(002) and (004) planes at the same crystal form. The reed
adsorbed therefore contains crystalline type I cellulose in
the form of elongated crystals, as the (004) band is much
finer than the other lines [19].

For comparison, the crystalline adsorbed portion of the
reed filter shows strong structural analogies with commer-
cial microcrystalline cellulose. On the other hand, micro-
crystalline cellulose has a higher degree of crystallinity
because the amorphous contribution (30°) is greater in the
reed adsorbed [20].

O

Intensity
1

1\ VRV

\ A
Nrn/ ““v%ww\ <

N Y UV Ny USUNSUNUS P

0 10 20 30 40 50 60 70 80 90
20

Fig. 5. Diffractogram of commercial microcrystalline cellulose (a)
and reed filter extract (b).

3.3. Thermogravimetric analysis

The thermal stability of the cellulose and filter adsorbed
was studied by gravimetric analysis at a temperature
rise of 10°C/min. The percentage mass change of the sam-
ple as well as its derivative with respect to temperature is
expressed as a function of temperature from 30°C to 800°C,
is represented in Fig. 6.

Two thermal events are notable. The first mass loss of
cellulose, which is about 100°C, is attributed to water loss.
The water content of cellulose is estimated at 4.6%. This
rate varies with the relative humidity of the ambient air.

The second event is highlighted in the temperature
window 250°C—450°C. Then the thermal degradation of the
polysaccharide is observed. The maximum of the derived
peak at 318°C and its narrow shape reflects the degrada-
tion of the pure material. At temperatures above 800°C,
the residues represent about 0.7%.

The thermal stability of a pure material, such as cellu-
lose, can be affected by morphology or sampling. The same
type of analysis is performed with reed extract. The water
content of the extract is estimated to be 5.5%. Maximum
derivation peak at 300.33°C. At temperatures above 800°C,
the residues represent about 1.8%.

A comparison of these two thermograms shows that
the behavior is slightly different. This may be due to the
difference in crystallinity and/or grain size of the red filter.

3.4. Morphological properties of chemically purified
cellulose microfibers

The fiber/matrix interface in the composites was stud-
ied by SEM by observing the fracture region of the spec-
imens (Fig. 7). The appearance of the different surfaces
is relatively close together, chemical variations seem to
have little effect on the surface. Indeed, the various fiber/
matrix interfaces are quite fragile as shown by the appear-
ance of certain voids due to the stretching and tearing
of the fibers. We can also see that, in images 7a and 7c,
fault zones have fewer defects [21]. Modified cellulose
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Fig. 6. ATG, ATD, TGD thermogram of commercial microcrystalline cellulose (a) and reed filter adsorbed (b).

Fig. 7. SEM images of cellulose (a,b) microfibers extracted from reed plant filter and their oxidation (c,d) before and after Pb(II)
extraction.
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appears to have more affinity than unmodified cellulose.
This is explained by the higher FTIR for the oxidation
reaction of cellulose, therefore more hydrophobic/hydro-
phobic interactions. Chemical changes cause a decrease
in surface energy. However, the absence of strong bonds
between the modified fibers and the cellulosic substrate
leads to proximal behaviors, observed that the oxidized
cellulose was very well dispersed in the cellulosic sub-
strate. Before and after modification were well separated
from each other and no major aggregate was observed,
resulting in a relatively homogeneous material [17]. In
addition, no deterioration was observed after adsorption,
which confirms that the treatment developed preserves
the integrity of the fibers. It was found that the oxidized
cellulose was very well dispersed in the cellulosic matrix.

3.5. Adsorption studies
3.5.1. Effect of contact time

The kinetic study corresponds to the determination
of the sufficient and necessary time to reach the equilib-
rium or the maximum adsorption. To do this, we take a
beaker into which we introduce a quantity of 0.1 g of cellu-
lose resin and 100 mL of a 10 ppm lead solution. The bea-
ker is shaken for a determined and different period of time
(from 5 to 180 min). After separation of the two phases,
the Pb(II) content in the aqueous phase is analyzed by ICP.

From Fig. 8, it can be seen that the extraction kinet-
ics is fast, the equilibrium time is reached after 90 min for
CB and 60 min for CM. Under the operating conditions
adopted for this study, it can be seen that the retention
efficiency of Pb* ions is 66% for CB and 98% of CM and
that the sorption capacity is around 6.48 mg and 9.85 mg
of Pb(Il) per 1 g of CB and CM support respective, the
curves can be divided into three steps:

During the first one (from ¢ = 0 to 20 min), The adsorp-
tion rate is very fast, (the adsorption yield of CB and CM
increases from 0% to 47.9%; and from 0% to 65.8%, and
the adsorption capacity increases from 0% to 5.58 mg g™
and from 0% to 6.54 mg g™') [26].

"
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This behavior can be explained by:

The availability of a large number of active sites on
the resin for the retention of free Pb*" in solution, the pres-
ence of a more lead-rich aqueous phase.

During the second stage (¢ from 20 to 80 min for CB),
(t from 20 to 60 min for CM) the extraction rate slightly
decreases (the adsorption yield of CB and CM goes from
47.9% to 64.6%; and from 65.8% to 87.43% and the sorp-
tion capacity goes from 5.58 to 6.48 mg g7, and from
6.54 to 8.74 mg g™).

This behavior can be explained by:

With the progress of the adsorption (increase of time),
the active sites for the support become more and more
unavailable (saturations). The aqueous phase is more and
more depleted in the lead.

During the third stage (f > 80 min. CB), (f = 60 min. CM),
the adsorption rate cancels and equilibrium are reached.

This behavior can be explained by the saturation of our
support and the equality between the number of moles
of lead that passes from the aqueous phase to the solid
phase (adsorption) [27].

3.5.2. Effect of pH

In beakers, 100 mL of the aqueous solution of lead of
concentration 10 ppm is introduced and the pH is adjusted
by the addition of a nitric acid solution (HNO,) or an aque-
ous solution of sodium hydroxide (NaOH). Measured
amounts of acid or base solution are added so that the
concentration of Pb(Il) is the same in all beakers. About
0.1 g of the cellulose is introduced into each beaker.

The two phases are stir for 180 min. Afterwards,
the two phases are separated and samples are taken for
quantitative analysis of Pb(II) with AAS.

The pH of the aqueous phase is an important factor in
controlling the movement of a positively charged particle
from one phase to another. The pH can act simultaneously
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Fig. 8. Effect of stirring time on [Pb*] and pH of Pb(II) by CB and CM resin.
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on the predominance of Pb(II) species present in solu-
tion and on the acidic or basic form of our support. The
study of the effect of the initial pH on the adsorption of
Pb(II) was performed by adsorption at pH [28].

Fig. 9 shows that the yield of Pb* adsorption by the
cellulose resin is low (slow reacting) in the pH range (6,8),
then it increases rapidly in the pH range (4-5.5), then sta-
bilizes and becomes almost constant, at a maximum equal
to 65.8% for CB and 98.6 for CM, at a pH between 5.5 and
6.5. These findings can be attributed either to the behav-
ior of the adsorbent with respect to the change of pH in
the aqueous phase or to the behavior of the Pb(Il) cat-
ions (appearance and/or disappearance of Pb(Il) species in
the aqueous phase) at different pH [29].

3.5.3. Effect of lead concentration

Masses of the 0.1 g resin are introduced into beakers to
which equal volumes (100 mL) of lead solutions of differ-
ent concentrations have been added. The mixtures are stir
for 180 min. After separation of the two phases, the Pb(II)
content in the aqueous phase is analyzed by AAS [16].

The influence of the initial Pb(Il) concentration on the
adsorption yield and the adsorption capacity was stud-
ied by varying the Pb(Il) concentrations in the aqueous
phase from 10 to 100 ppm. The results obtained (adsorp-
tion yield and adsorption capacity) are shown in Figs. 10
and 11.

Fig. 10 shows that the CB and CM adsorption yield
respectively, decreases with increasing Pb(II) concentra-
tion and reaches a minimum value of 32.35% and 56.32%
for a Pb(Il) concentration of 100 ppm. For [Pb(Il)] con-
centrations <100 ppm the yield increased from 32.35% to
66.17% and from 56.32% to 98.8% when the lead concen-
tration becomes equal to 10 ppm.

Fig. 11, shows that the sorption capacity increases with
increasing initial lead concentration and reaches a maxi-
mum equal to 32. 35 mg g of (CB) and 56.32 mg g~ of (CM)
at a concentration greater than or equal to 100 ppm. This
increase is due to the increase in the number of lead ions

100 . —CB
95 /T~ ——CM
90 /

85 /
80 /
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65
60
55 -
50
45 ~
40

R %

35 1

pH

Fig. 9. Effect of initial pH on the adsorption efficiency of Pb(II)
by CB and CM.

in the aqueous phase, which pushes the adsorption equi-
librium towards the formation of more lead complexes in
the solid phase [31].

3.5.4. Mass effect

The aim of this study is to determine the dry quantity
that will allow purifying a given volume of lead solution.
The study was carried out with dry masses ranging from
0.02 to 0.8 g, each of which was placed in a metallic solu-
tion at 10 ppm and pH =5, the system was agitated at room
temperature for 180 min. After the separation of the two
phases, the Pb(II) content in the aqueous phase was ana-
lyzed by AAS.

The curves representing the variations of the percent-
age of lead eliminated as a function of the mass of cellulose
powder are represented in Fig. 12.

The removal efficiency of metal ion could be higher with
the increase of adsorbent mass, in general, a large amount
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5] | M
90 |

85 4
80 4
75 ]
70 4
65
60 4
55 4
50 4
45
40 ]
35 4
30 4

R %

[Pb%] mg/L

Fig. 10. Effect of initial Pb(II) concentration on adsorption yield
by CB and CM.
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Fig. 11. Effect of initial Pb(II) concentration on sorption capacity.
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of adsorbent in the adsorption process could guarantee the
availability of more adsorption sites, which contributes to
high adsorption capacity, moreover, the removal efficiency
as a function of adsorbent mass varied significantly with
each mass [32]. According to this study, a mass of 0.1 g in
BC allows the removal of more than 68% of the lead, with
0.2 to 0.5 g the removal rate rises to 97%. And 0.1 g in CM
allows eliminating more than 98% of the lead.

3.5.5. Effect of temperature

In five beakers, containing 100 mL of the 10 ppm lead
solution and 0.1 g of the cellulose. Each mixture is stirred
in a water bath of fixed temperature (25°C, 35°C, 45°C, 55°C
and 65°C) on a magnetic stirrer equipped with a tempera-
ture controller for 90 min. Once equilibrium is reached,
the two phases are separated and the Pb(Il) content in the
aqueous phase is analyzed by AAS.

The removal efficiency of metal ions increases with tem-
perature, indicating that the adsorption process is endo-
thermic for BC. The molecular motion in the adsorption

100

90 —CB

—CM

80

70

R %

60

50

40 4

30

0.0 0.2 0.4 0.6 0.8
Mass (g)

Fig. 12. Effect of mass on the extraction efficiency of Pb(II) by CB
and CM.

process could be accelerated at higher temperature; there-
fore, the adsorption equilibrium time could be reduced. In
addition, the CM undergoes a decrease in efficiency as a
function of temperature due to the loss of mass of the CM
modified in high temperature [33].

3.6. Adsorption isotherms

The model of adsorption equilibrium consists in repre-
senting, by mathematical laws, the equilibrium relation-
ship between the quantity of pollutant in the liquid phase
(C) and that adsorbed on the material (Q). In this study,
the adsorption equilibrium is analyzed by applying the
Langmuir and Freundlich models which are commonly
used by researchers to study the adsorption isotherms of
adsorbent/adsorbate systems.

3.6.1. Langmuir isotherm

The Langmuir isotherm theory assumes that adsorp-
tion is monolayer and takes place at specific homogeneous
sites of the adsorbent [34]. The results of the Pb(Il) ion
adsorption tests on wood ash were treated by the Langmuir
model represented by the following equation:

c.__1 ¢ -
e Qmax .KI Qmax

@)

where C, is the equilibrium concentration (mg L), Q, is
the equlhbrlum adsorbed quantity (mg g™), K| is the equi-
librium constant relative to the Langmuir model and Q
is the maximum adsorbed quantity (mg g™). The values of
Q... and K, are determined from the intersection with the
y-axis and the slope of the line C/Q =f(C ) (Fig. 14).

The results obtained show that the correlation coefficient
(R*=0.9972 and R? = 0.9197) of the Langmuir model is very
close to unity (Table 1). The use of the linear regression line
[Eq. (3)] allowed us to determine the maximum adsorption

2
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120

98.4

66.96

R%
o)
<)

40

20

98

69.63

96.27

77.16

EmCB

™M

87.65
81.47

298

Fig. 13. Effect of temperature on the extraction efficiency of

Pb(II) by CB, CM.
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Fig. 14. Linear form of the Langmuir model of Pb(II) on the two
cellulose fibers.
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Table 1
Adsorption parameters of Pb(II) ion on raw and modified cellu-
lose fiber according to Langmuir and Freundlich models

Isotherms Constants CB CM

Freundlich K, (mg'™L"g™) 2.645 1.38
1, 0.930 0.210
R? 0.979 0.772

Langmuir q, (mgg™) 30.300 43.80
K, (Lmg™) 0.076 0.380
R? 0.997 0.920

capacity Q_  and the Langmuir adsorption equilibrium
constant.

An essential characteristic of the Langmuir isotherm can
be expressed in terms of a dimensionless constant called
the separation factor, defined by the Eq. (6):

R, = !
1+KC,

(6)

where C; is the initial concentration of the adsorbate
(mg L) and K, is the Langmuir constant (L mg™). A sepa-
ration factor R, > 1 indicates that adsorption is unfavorable,
if R, = 1 adsorption is said to be linear, adsorption is said
to be favorable when 0 < R, < 1, and a zero separation fac-
tor (R, = 0) indicates that adsorption is irreversible [35]. In
our case, the R, values found are all between 0 and 1, which
indicates favorable adsorption.

3.6.2. Freundlich isotherm

The Freundlich isotherm assumes that the adsorp-
tion is multilayered and that the surface of the adsorbent
is heterogeneous. It can be expressed by the following
relationship:

InQ, :anf+llnCF 7)
n

The plot of In(Q)) vs. In(C)) for the adsorption of meth-
ylene blue on wood ash is a straight line with a slope of
1/n and an intercept of ln(Kf) (Fig. 15). The value of 1/n
gives an indication of the validity of the adsorption of
the adsorbent-adsorbate system. A value of 1/n between
0 and 1 indicates favorable adsorption [36]. The numer-
ical values of K. and 1/n calculated respectively, from
the intersection with the intercept and the slope of the
isotherm line, are shown in Table 2.

The numerical value of 1/n = 0.75 and 0.71 indicates that
the adsorption is favorable. The correlation coefficient R?
is 0.97 and 0.77, which is lower than that of the Langmuir
model (R? = 0.98 and 0.91). This indicates that the adsorp-
tion of Pb(Il) ion on crude and modified cellulose fiber
follows the Langmuir model as well as the Freundlich
model [36].

As shown in Table 1, the Langmuir isotherm corre-
sponds fairly well to the experimental data (R? > 0.98 of CB

15
¢CB EBCM

-1.5

Log(ce)

Fig. 15. Linear form of the Freundlich model of Pb(II) on the two
cellulose fibers.

Table 2
Kinetic parameters relating to the adsorption of Pb(II) ion on the
two cellulose fibers

Model Constants CB CM

Pseudo-first-order k, (min™") 0.0072 0.027
Q, (mgg™) 1.36 1.46
R? 0.60 0.89

Pseudo-second-order k, (g mg'min™) 023 0.1
Q, (mgg™) 6.61 9.50
R? 1.00 0.998

and R* > 0.92 of CM). The monolayer adsorption capacity
conformity to this model [51] was 30.300 mg g™ for the CB
and 43.80 mg g for CM.

3.7. Kinetic adsorption models

Two kinetic models were studied; their parameters and
Pb(II) correlation coefficients were calculated from Figs. 16
and 17 and listed in Table 3.

3.7.1. Pseudo-first-order kinetics model (Lagergren model)

The thermodynamic equilibrium between the adsorbent
in the liquid phase and the adsorbate fixed on the solid is
achieved at a rate that is dependent not only on the rate
at which the constituents diffuse in the adsorbent and in
the fluid, but also on the adsorbent-adsorbate interaction.

The time is dependent analysis of a compound adsorp-
tion on an adsorbent allows us to investigate the impact of
contact time on retention. For this goal, two models were
used to explain the mechanism of Pb(Il) ion adsorption
kinetics of cellulose and its derivatives:

1
log(qe—qt)—log(%)—("'m} Y
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where k (L min™): adsorption rate constant of the pseudo-
first-order kinetics [37].

Fig. 16 shows the results of the application of the
pseudo-second-order kinetic model for the adsorption
of Pb(Il) ion by the two cellulose fibers. The calculated
values of the adsorbed quantities Q, the pseudo-second-
order constants k, and the regression coefficients R* are
given in Table 2. From these results, it appears that the R?
values are very high and are all in the order of 0.99 and
far exceed those obtained with the pseudo-first-order
model. The quantities fixed at equilibrium Q, are very
close to the values found experimentally. These last two
observations lead us to believe that the adsorption process
follows the pseudo-second-order model.

3.7.2. Pseudo-second-order kinetics model

The design of a batch bioadsorption system requires
information on the adsorption mechanism. Adsorption
kinetics are necessary to determine the adsorption rate. Two
kinetic models, including pseudo-first-order and pseudo-
second-order Lagergren kinetic models, were tested
to match the experimental kinetic data. Following
Egs. (5) and (6) for the expression of pseudo-first-order
and second-order kinetic models respectively.

N

¢CB BCM

200 230

Log(qe-qt)

-0.0072x + 0.1367
2=0.5961

-3

y=-0.027x + 1.1291
R?=0.8883

Time(min)

S

Fig. 16. Model of the pseudo-first-order kinetics of adsorbed
Pb(1I).

Table 3

147

©)

With k, (g mg™ min™): adsorption rate constant of the pseu-
do-second-order kinetics [33].

From Fig. 16 it is observed that for the first order
kinetic model, the correlation coefficient R?> = 0.9992 and
R? = 0.998 for the cellulosic fiber, the adsorption capacity
is much lower than that obtained experimentally. On the
other hand, the correlation coefficient for the second-order
kinetic model is shown in Fig. 17, and the values obtained
are comparable to the experimental values. This observa-
tion suggests the applicability of the second-order kinetic
model on the adsorption process in this study [39].

The value of the R? correlation coefficient determined
using the so-called second-order equation was closer to unity
than the first order equation for all of the first concentra-
tions studied.

Similarly, the difference between the predicted (Q, )
and empirically determined (Q,_ ) for the said second line
is relatively minor compared to tfwt estimated for the said
first line, which is far from the experimental adsorption
capacity [40].

20
ecB mdwv
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R? =0.9992
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20 1
- 1
R 15 '
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53x+0.9173
10 R2=0.998
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MG
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Time (min)

Fig. 17. Model of the pseudo-second-order kinetics of adsorbed
Pb(II).

Thermodynamic parameters for Pb(II) ion adsorption on the two cellulose fibers

T (K) InK, (L g") AH® (K] mol™) AS° (J mol K AG® (k] mol™)
CB 298 031 9.52 34.30 -09.89

308 0.36 -10.23

318 053 -10.58

328 0.64 -10.92
™M 298 1.79 —24.87 -67.62 -04.71

308 1.69 ~04.04

318 1.41 -03.36

328 0.85 ~02.69
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The physisorption, which encompasses the forces and
electronic exchanges between the adsorbent and the adsor-
bate, is primarily responsible for the binding of Pb(II) ions
to the investigated shells, according to a satisfactory fit
of the experimental results and linear regression to the
pseudo-second-order model [41].

3.8. Thermodynamic parameters

The thermodynamic parameters of lead on the cellulose
surface were determined at different temperatures with an
initial Pb* concentration of 20 mg L using the following
equations [42]:

AG, =AH_, —TAS (10)

AG, =—RT-InK, (11)

where T is the temperature in degrees Kelvin, R
(8.314 x 107 kJ mol™ K7) is the perfect gas constant and
K_ is the distribution coefficient determined as follows:
K,=QJ/C.

With Q: adsorption capacity at equilibrium (mg g™);
C.: equilibrium concentration of the solute in solution
(mg L.

AH?° and AS° are determined from the slope and intercept
of the plot of In(K,) vs. 1/T using the following Van't Hoff
equation [43]:

__AS° AHP
P 2303xR 2.303xRT

log K (12)

AH® and AS° were calculated from the slope and inter-
cept of the plot of In(K,) vs. 1/T. Their values are shown
in Table 3.

2.5
*CB mCM
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—
_15 [
a —n 991.4x - 8.1339
X R? = 0.8809
3
1
——
y =-1146.2x + 4.1265
0.5
0
0.0029 0.003 0.00310.00320.00330.00340.0035

1/T (MIN)

Fig. 18. Van't Hoff curve of Pb(Il) adsorption on the two cellulose
CB and CM.

The profile of the curve In(K,)) = f(1/T) is a straight
line, and is represented in Fig. 18 indicating that as the
temperature rises, the breakdown becomes more promi-
nent, resulting in higher molecular fluctuations and easy
breaking of the hydrogen bond [44].

Table 3 lists the numerical values of the thermodynamic
parameters. Negative AG°® values show the spontaneity and
feasibility of adsorption between the Pb molecules and the
substance’s surface with a high affinity [51]. Adsorption
indicates that the support can withstand high tempera-
tures. During adsorption, a positive value of AS® indicates
increasing randomness at the surface. Furthermore, the
positive value of AH® confirms that the adsorption of Pb(II)
on the adsorbent is of this scale, demonstrating that phys-
ical adsorption is the primary adsorption mechanism of
oyster meal [45].

® The positive values of enthalpy change (AH°) under-
line the endothermic nature of the adsorption process
[45] that is in agreement with the increase of adsorp-
tion capacity with increase of temperature. Its relative
low value supports the statement that adsorption pro-
cess occurs through a combination of physical van der
Waals interactions and electrostatic attractions.

* The positive value of entropy change (AS°) is charac-
teristic to the increased randomness at the solid liquid
interface during adsorption of heavy metal ions, indi-
cating also some structural changes in both adsorbate
and adsorbent [50,51].

3.9. Comparative studies on the adsorption of Pb(Il) ions
by cellulose and their derivatives

Some authors have focused on increasing the number
of carboxylic acid functions, thus demonstrating a propor-
tional relationship between their number and the quantity
of ions fixed; this observation is valid when the adsorp-
tion is exclusively due to carboxylic acid functions and of
the same acidity in the case of homogeneous materials
such as cellulose. Table 4 gives some examples of modifi-
cations of natural polymers for use as adsorbents.

A review was devoted to the chemical modifications
of cellulose and the resulting bioadsorbent. Esterification,
halogenation, etherification and oxidation strategies were
studied, most of which were transposed to bioadsorbent

Table 4
Examples of chemical modifications of some cellulose families
for use as Pb(II) ion adsorbents

Adsorbent Rendementen %  Reference
Cellulose-manganese oxide  80.00 [46]
Carboxymethylcellulose 70.00 [47]
H,0-H,SO,-MSO, cellulose  99.00 [48]
Cellulose sulfonate 84.00 [49]

Typha latifolia 92.00 [50]
Remove the MO dye 80.20 [51]
Cellulose 68.00 This Works
Oxidized cellulose 97.00 This Works
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Fig. 19. Possible mechanisms of biosorption of Pb(II) by both types of extractant.

made up of various proportions of cellulose such as wood.
Quantitatively, the adsorption results depend on the chem-
ical modification carried out as well as on the metal con-
sidered. They are also difficult to compare because of the
great variability of the experimental conditions between
the different authors. The best retention capacities are
obtained, in the case of Pb(II), following oxidized cellulose
and sulfuric acid grafted onto cellulose.

3.10. Possible mechanisms of bioadsorption

Cellulose has different hydrogen bonding systems,
which have an influence on the adsorption phenomenon,
the reactivity of hydroxyl groups and the crystallinity of
cellulose samples.

In this mechanism, Pb(II) adheres to the surface of CB
and CM by ion-covalent bonds. Complexation (or chemi-
sorption) is accompanied by a profound change in the
electronic charge distribution of the adsorbed molecules
and by the loss of at least one water molecule from the
hydration sphere. Electrons are exchanged between the
ions of the surface and the adsorbed Pb(Il). The forces
involved are of the same type as those involved in the
formation of chemical bonds [22,24,25].

By studying the sorption of Pb* on our raw resin and
modified showed that even in the presence of basic pH
can be adsorbed for CM it concludes that the bonds are
strong and that the mechanism involved and chemisorp-
tion and that the mechanism of complexation is always
accompanied by an exchange of ions in this case Pb*
reacts with carboxylic and/or hydroxyl groups present on
the surface of CB and CM that in exchange release a pro-
ton H' is represented in Fig. 19. Cellulose also contains
hydrophobic zones (around the carbon atoms) which have
some influence on the overall properties, including solu-
bility, the oxygen atoms of the D-glucopyranose ring and
the glycosidic bond interact with each other within the
chain or with another cellulose chain by forming intramo-
lecular and intermolecular hydrogen bonds [23,30,38].

electrostatic
attraction

pH>pHz
Cation attraction

Physical adsorption
Fig. 20. Mechanisms ionic and electrostatic interaction.

The "OH groups found in the cellulose and hemicellu-
lose of reed filters, as well as the aromatic structures con-
tained in the lignin, influences the biosorption process.
Aromatic structures contained in the lignin, influence the
biosorption process. The cationic characteristics of Pb(II),
on the other hand, have been shown to delocalise the
charge. They can be found in sulphate or nitrogen; how-
ever, they are more often found on nitrogen atoms. As the
carboxyl groups groups are available for adsorption of
charged Pb(Il) at these pH values pH > PH,. values and
biosorbent the surface is negatively charged due to the
COO groups the optimum pH range for Pb(II) biosorption
was 5.0 to 7.0, as shown in Fig. 20.

4. Conclusion

Current ecological concerns due to the large volumes
of water used in industry as well as increasingly stringent
discharge standards must find a suitable solution. The
problems of discharges continent traces of heavy metals is
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becoming more and more alarming and adequate solutions
are increasingly sought.

The influence of initial metal ion concentration and
temperature on the adsorption of Pb(II) from aqueous
solution onto cellulose (CB) extracted from reed fibers and
their cellulose-modified (CM) oxidation with the metal
cation was examined. Batch experiments were carried out
at pH 5.0 and an adsorbent dose of 10 mg L™, previously
established as optimal, varying the initial concentration
of Pb(Il) between 10 and 100 mg L™ and the temperature
between 25°C and 65°C. Two isotherms (Langmuir and
Freundlich) were applied to the equilibrium data and the
fitted parameters were used to determine the thermody-
namic parameters of the adsorption process. The adsorp-
tion equilibrium was well described by the Langmuir
model. The maximum adsorption capacity of functional-
ized cellulose for Pb(II) ions increases slightly with increas-
ing initial concentration from 32.35 mg g for (CB) and
56.32 mg g at (CB). Furthermore, thermodynamic stud-
ies indicate that the adsorption of Pb(II) onto biomass is
an endothermic process for (CB) (AH°CB = 9.52 k] mol™)
and exothermic for (CM) (AH°CM = -24.87 kJ mol?)
and spontaneous (AG°CB = -9.89, -10.92 k] mol™)
(AG°CM = -4.71, -2.69 k] mol™) in the temperature range
studied.
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