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Abstract

Adsorption techniques are widely used to remove some classes of pollutants from waters, especially those which are not easily
biodegradable. The removal of Methylene blue (MB), as a pollutant, from waste waters of textile, paper, printing and other
industries has been addressed by the researchers. The aim of this study is to eliminate MB by Activated Coconut Shells (ACS)
produced at low cost by adsorption in batch mode. The ACS was characterized by the FTIR spectroscopy and point of zero
charge (pHpzc: 5.06). Some examined factors were found to have significant impacts on the MB uptake of ACS like the initial dye
concentration C, (40-120 mg/L), solution pH (2-8), ACS dose (1-12 g/L), agitation speed (50-500 r/min), particles size (1.0-
[.2 mm) and temperature (298-333 K). The best capacity was found at pH 6 with an adsorbent dose 8 g/L, an agitation speed
200 r/min and a contact time of 60 min. Modeling Kinetics and Isotherms shows that the pseudo-second-order kinetic model
with R? (0.935 -0.998) and Langmuir adsorption isotherm model provide better fitness to the experimental data with the
maximum adsorption capacity of 30.30 mg/g at 25°C. The separation factor R (0.933-0.541) in the concentration range studied
(10-120 mg/L) shows a favorable adsorption. The isotherms at different temperatures have been used for the determination of
the free energy AG’ (198-9.72 kJ/mol); enthalpy AH’ (82.082 kJ/mol) and entropy AS® (245.689 J/K mol) to predict the nature of
MB adsorption process. The positive values of (AG®) and (AH®) indicate a non-spontaneous and endothermic MB adsorption
with a chemisorption. The adsorbent elaborated from Coconut Shells was found to efficient and suitable for the removal of MB
dye from aqueous solutions, due to its availability, low cost preparation and good uptake capacity.
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and liver damage when ingested. Therefore, the treatment of
effluents containing this dye is of interest because of its
aesthetic impacts on receiving waters. The presence of dyes in
water increases the chemical and biochemical oxygen de-
mand. The global demand for water and the amount of
wastewater produced continues to increase, creating an urgent
need for purification methods. Wastewater is often discharged
into rivers and lakes or seeps into aquifers, significantly af-
fecting freshwater quality. Globally, more than 80% of
wastewater returns to the environment untreated with negative
consequences for the marine environment.? Indeed, A about
600 organic and inorganic pollutants has been listed in water
along with biological species.® The presence of dyes, even in
low concentrations, weakens the penetration of light through
the water surface, significantly inhibiting the photosynthetic
process of aquatic flora, according to the Beer-Lambert law.
Currently, there are about 10 000 types of synthetic dyes with a
global production of 7 x 10° tons per year.* MB is a cationic
dye appears as a green crystalline powder, highly soluble in
water. MB is a cationic dye that comes in the form of a green
crystalline powder, highly soluble in water. It is used for
dyeing cotton, paper, silk, wood and leather products.’
Therefore, many treatments were applied to limit the its
concentration in aqueous medium like adsorption,®'* bio-
logical treatment,'® detoxification,'® photo catalysis'"*'® and
electrochemical degradation.'® Adsorption is attractive for the
removal of pollutants because of its low cost, simplicity of
design, removal efficiency, and ease of use and availability of
materials. In this respect, agricultural wastes have advantages
as adsorbents, they are readily available, cost-effectiveness,
renewable, require less processing time, with an uptake ca-
pability and can be easily regenerated. They can be modified
by treating it with chemical agents, alkalis, acids, organic
compounds, efc., or thermally, this modification could have
beneficial effects on chemical/physical properties like in-
creasing surface area, improved pore structure and functional
group. This has prompted a growing research interest in the
production of activated carbons from renewable and cheaper
precursors which are either industrial or agricultural by-
products, for the water treatment. Modified carbons exhibit
adsorption capacity with selectivity and sensitivity.?® In this
optic, agricultural wastes such as cotton stalk,” olive stones,”'
coconut shell,?* rice husk,” orange peel,® pistachio shell**
wheat bran®® titanium dioxide’® mesoporous silicate.?’
Modified Tetra selmis sp,”® hybrid polymer” and
Chitosan®*" are used in recent years for their availability. The
aim of this study is to eliminate Methylene blue by adsorption
on Activated Coconut Shells (ACS), produced at low cost by
adsorption in batch mode. The characteristic of ACS was
investigated and the influences of operational parameters
namely pH, adsorbent dose, contact time, temperature, particle
size and initial dye concentration were also reported. The
equilibrium adsorption data were fitted to various equations to
obtain the constants related to the MB elimination. Finally, this
study focuses on the important points, namely the synthesis of

low-cost activated carbon from waste and its valorization in
water treatment. This is in order to contribute to the reduction
of environmental pollution which remains a global problem, to
move from batch mode to column mode, to carry out tests on a
semi-pilot scale and to carry out theoretical simulations of
adsorption phenomena. The tests of homogeneous photo-
degradation of the dye on the TiO, semiconductor will be a
logical continuation of this study in the near future.

Materials and Methods

The spectrophotometry is a technique which owes its de-
velopment to progress in the quantum mechanics allowing,
among other things, to identify a chemical substance and to
determine the concentration in solution. Two light sources
were used: a visible tungsten halogen lamp and a UV deu-
terium lamp; the scanning speed was set at 1200 nm min~".
Blanks were performed in a quartz cell (10 mm) and calibrated
with ultrapure water. Residual concentration measurements
were obtained by linear interpolation from a calibration graph.
The pH of the solutions was accurately measured with a
microprocessor-based pH meter of the HANNA HI 8521 type,
calibrated with commercial buffers of pH 4, and 10. The
pH was adjusted to by using H,SO, and NaOH obtained from
Sigma - Aldrich Company (respectively for acidic and basic
media.

The FT-IR spectroscopy was used to identify the functional
groups of ACS. 5 mg of adsorbent were mixed with dry KBr
(Extra pure) of spectroscopy quality and pressed under 4 kbar
to form thin pellet. Then, the FTIR spectra were plotted with a
Perkin Elmer 2000 infrared spectrometer in the range (4000-
400 cm ") for 16 times to increase the “signal / noise” ratio.

The Zero Point Charge (pHzpc) of the adsorbent, ie, the
pH for which the surface charge is zero, is obtained using a
procedure reported elsewhere.’® 20 mL of KNO; (99.40%)
solutions (0.01 M) were placed in closed conical flasks; the
pH of each solution was adjusted between 2 and 14 by addition
of HCI1 (37%) or NaOH (97%) solution. Then, 0.1 g of ad-
sorbent was added to each solution and the final pH was
measured after 24 h under magnetic stirring at 25°C; pHpzc is
the point of intersection of the final pH and initial pH lines.

Methylene Blue Adsorbate

Methylene Blue (99.98 %) is a Basic Blue 9 dye, whose
ITUPAC name is 3,7-bis (dimethylamino) phenothiazin-5-ium
chloride, C.I. 52015, with a chemical formula C16H18CIN3S
MW = 319.85 g/mol); the absorbance peaks (Amax =
662 nm). Chemical structure and properties of MB are
summarized in Table 1.

Preparation of Adsorbent

Almond shell is the lignocellulosic material forming the thick
endocarp of the almond fruit and represents more than 50% of
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Table 1. Methylene Blue Properties.

Structural formula

Properties
Brute formula C,6H,8CIN5S
Molecular weight (g/mol) 319.85

C: 60.08, H:5.67,S: 10.03
N: 13.14, Cl: 11.08

Composition (%)

Wavenumber A, (nm) 662

Name basic blue 9 Cl 52015
Melting temperature 180°C
Solubility in water (g/L ) 40 at T = 20°C
Solubility in alcohol ( g/L) 10 at T = 20°C

N

BN

+
e

CHy I CHs

HaC. _CH;

the total weight of the seed and constitutes a significant
percentage as raw material used for the preparation of acti-
vated carbons. The shells obtained are washed thoroughly
with distilled water to remove any kind of dust or adhering
impurities until clear washing water was obtained. The ma-
terial was dried at 110°C (24 h) to avoid possible alteration of
the physicochemical properties of the material. Several re-
searchers have practiced moderate drying of the biosorbent, in
particular using solar energy. The particle sizes used for the
adsorption tests were isolated mechanically by means of a
sieve whose mesh size corresponds to diameters [0.71-
0.22 mm], and the samples were stored in bottles. Pyrolysis is
necessary to transform the raw material; the carbonaceous raw
materials are very characteristic with an infinite number of
pores clogged by organic matter. This carbonaceous material
must be freed from all these organic products. To do this, it is
heated to a high temperature of 700°C in a rotary kiln. After
washing and drying, part of the material is subjected to a heat
treatment. The material is carbonized at a temperature of
700°C (5°/min., 1 h. This process gives a carbon with narrow
pores and generates microscopic alveoli on the surface of the
carbon, thus increasing its active surface and its adsorption
power.

Adsorption Experiment

The effects of the initial MB concentration (C,:40-120 mg/L),
pH (2-8), adsorbent dosage(1-12 g/L), stirring speed (50 -
500 r/min) and temperature (20-60°C) on the MB adsorption
was investigated in batch mode for a specific contact time (0-
60 min). The MB solutions were prepared by dissolving the
accurate amount MB (99 %) in distilled water, used as a stock
solution and diluted to the required initial concentrations.
Adsorption was carried out at room temperature under at-
mospheric pressure. It was performed by introducing a mass of
adsorbent into a glass Erlenmeyer (100 mL capacity), con-
taining 100 mL of an aqueous solution of determined con-
centration. The mixture was magnetically stirred at 150 r/min
for a fixed time.

Then, separation was performed by centrifugation (6000 r/
min, 5 min) and the suspension was analyzed by UV-Visible

spectroscopy (Amax = 662 nm) to determine the residual
concentration of MB. The amount g, (mg/g) yield R (%) of
adsorbed MB (q;) was calculated from the relations:

g - Q=G M)
m
R (1) (o —CC,).100 o
0

Where C, is the initial MB concentration and C; the con-
centrations (mg/L) at time t, V the volume of solution (L) and
m the mass of ACS (g).

To confirm the correlation, a statistical error calculation is
essential, among the most used error functions are the fol-
lowing. Due to the inherent bias resulting from linearization of
the isotherm and kinetic models, for non-linear regression, the
determination coefficient (R°) is insufficient for evaluating the
fit goodness, thus, the error models, Chi-Squares (X?) test
equation is used as criteria for the fitting quality:

N

:ZM

1 qe, cal

X )

Where, Qeexp) (mg/g) is the experimental value of uptake,
Qecary the calculated value using a model (mg/g) and N the
number of observations in the experiment (the number of data
points); the smaller X value indicates the better curve fitting.

Results and Discussion

Characterization of Adsorbent

Figure 1 shows that the FT-IR spectra have similar profiles, but
with different band intensities. A broad band at around
3420 cm ™' corresponding to the elongation of O-H groups, the
wide band at 2926 cm ™ is related to the elongation of C—H
group, the band at 1739 cm ™' corresponding to the C = O
group while that band at 1605 cm ™' is characteristic of the
elongations of C = C bonds of olefins and aromatics, the band
located at 1383 cm ™" is linked to the C-H deformations in the
aliphatic chains whereas that centered at 1045 cm™'
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Figure |. FTIR spectra for Activated Coconut shell (ACS).

characteristic of the deformation in the plane of Aliphatic C-O.
These bands result from the presence of cellulose, hemicel-
luloses and lignin, major constituents of coconut shell.

Analyses of the ACS Surface Morphology

The SEM micrographs of ACS before and after adsorption are
shown in Figure 2; the prepared ACS presents a microporous
structure with different pore diameters and a rough surface and
many protrusions. The higher magnification shows that the
adsorbent surface contains a considerable number of pores
with a high probability that MB molecules are adsorbed. After
adsorption, the ACS surface became smoother where the
roughness was considerably reduced with less visible pores,
indicating a clear adsorption on both the surface and in pores.
The images also reveal that the exterior surfaces of the ACS
are filled with inhomogeneous cavities of different sizes and
shapes. These cavities differ from carbon to carbon in the
reaction of the activating agent; they are the external pores
which represent the main channels for accessing to internal
surface (micropores and mesopores) of the activated carbon.

Influence of contact time and MB concentration of on
the adsorption capacity
MB concentrations and the adsorbent dose are important

factors for adsorption. To demonstrate the effect of the initial
concentration (C,), experiments were performed in the range

C, (40-120 mg/L) and ACS dose of 5g/L. The temperature
was kept constant at 25°C and the mixture was stirred at 200 1/
min. Samples were collected at regular time intervals,
centrifuged and analyzed spectrophotometrically.

Figure 3 shows a very rapid adsorption, where a saturation
level is reached after 60 min.; the latter indicates the formation
of a monolayer. It is noted that the adsorption capacity in-
creases with C,; this is due to the fact that the diffusion of MB
molecules towards the surface of the adsorbent is accelerated
by the concentration gradient according to the diffusion law; a
similar result has already been obtained for the adsorption of
MB on apricot kernels.”® By increasing the concentration C,
(40 - 120 mg/L), the MB removal efficiency decreases from
(79 to 41%) and it can be deduced that the adsorption of MB
on ACS occurs in three stages:

(1) In range (0-20 min) fast adsorption of MB due to the
presence of free sites on the adsorbent surface which
translates the linear increase of the adsorption ca-
pacity over time.

(ii) In range (20-50 min) reduction of the adsorption rate,
reflected by a small increase in the adsorption ca-
pacity attributed to the decrease in the quantity of MB
in solution and the number of available unoccupied
sites.

(iii) In range (50-60 min) stability of the adsorption ca-
pacity is observed, due to the complete occupation of
adsorption sites: the establishment of the stable level
therefore reflects this stage. The adsorption capacity
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Figure 3. Effect of contact time and concentration on the adsorption of MB onto ACS: (Adsorbent dose: 5 g/L, Co: (40-120 ppm), Particle
size: 0.2 mm, pH: 6, Agitation speed: 200 r/min, and T: 25°C).
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Figure 4. Effect of adsorbent dose on the adsorption of MB onto ACS: (Co = 10 ppm, Particle size: 0.2 mm, pH = 6, Agitation speed: 200 r/

min, time 60 min, and T = 25°C).

of MB increases over time to reach a maximum after
60 min. and thereafter tends toward a constant value
indicating that no more MB are removed from the
solution.

Influence of adsorbent dosage

Determination of the minimum mass of a material required to
adsorb a given pollutant is an essential step in adsorption. We
started this step on the removal of MB and to evaluate the
optimal ACS content, test experiments were performed on a
MB solution (10 mg/L), to which different amounts of ad-
sorbent were added in the range (1 - 12 g/L). The variations of
the amount of MB adsorbed during the contact time, as a
function of the ACS dose, are illustrated in Figure 4. As
expected, the amount of MB adsorbed increases in the range
(1 - 8 g/L), due to the number of available sites that increases
with the amount of ACS and decreases in the region (9 - 12 g/
L), where the number of sites becomes stable®*~**; this be-
havior can be explained by:

(1) As long as the amount of adsorbent added to the MB
solution is low, the MB molecules can easily access
the adsorption sites. The addition of adsorbent in-
creases the number of available sites but the dye
charges, depending on its functional groups, have
difficulty approaching these sites due to steric

hindrance (the electrical state of the surface of the
adsorbent with the dye);

A large amount of adsorbent promotes particle ag-
glomeration, resulting in a reduction of the active
adsorption surface and a decrease in the amount of
adsorbate per unit mass of adsorbent. Therefore, an
adsorbent dose of 8 g/L. was selected for subsequent
experiments.

(ii)

Influence of pH

Adsorption is a surface phenomenon, which depends on the
morphology of the adsorbent and is linked to the net charge on
the surface. The latter is conditioned by the nature of the
functional groups present, which are a combination of positive
and negative groups. Indeed, at low pHs, the predominance of
H' ions in solution favors the neutralization of negative
surface charges and the total charge is dominant and positive.
On the other hand, at basic pH the surface charge is negative.
Monitoring the evolution of the surface charge shows that it
passes through a state of neutrality, the corresponding state of
which is known as the zero point charge (pHpzc). Indeed,
pHpzc represents the boundary where the surface charge is
zero and changes sign. ACS has pHpzc of 5.06 Figure 5.3 At
low pH, ACS is characterized by an anion exchange capacity:
The addition of H' cations generates a positive charge, the
anions in solution are therefore more attracted to this surface,
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which slows down adsorption.’® At alkaline pH, a cation
exchange capacity develops: OH™ ions bind more and a
negative charge develops, where the cations in solution are
attracted to the surface. Figure 6 shows the evolution of the
amount of MB adsorbed as a function of pH and reached with
an optimum value at pH 6.

Effect of Agitation Speed on the Adsorption of MB

The effect of the stirring speed (50-500 r/min) on the ad-
sorption capacity of MB onto ACS is also investigated. The
optimal uptake capacity is obtained for a speed of 200 r/min
(Figure 7) which gives the best homogeneity of the mixture
suspension. Therefore, a speed of 200 r/min was selected for
further experiments.

Influence of Particles Size

In the first stage of the batch adsorption experiments, the effect
of the particle size on the MB adsorption onto ACS is ex-
amined. Significant variations in the MB uptake capacity and
removal efficiency are observed for different particles sizes
(0.2-1.20 mm); Figure 8 shows that the best performance is
obtained for smaller sizes (0.20 mm). In general, smaller
particles provide large surface areas, thus resulting in high MB
uptake performance and removal efficiency. Therefore, the
class 0.2 mm was subsequently used in all other adsorption
experiments.

Sorption Kinetic Models

Adsorption kinetics is crucial for the design of the adsorption
systems, which determines the time required to reach the
steady state and many models describing the diffusion of
solutes on the surface and in the pores of the adsorbent have
been developed. Pseudo-first-order, pseudo-second-order,
Elovich, and intraparticle diffusion are used to examine the
adsorption rates of MB on ACS.

Pseudo-first-order model: 1t is based on the assumption that
the absorption rate is directly proportional to the gradient, ie,
of concentrations.?” This model is generally applicable to the
initial stage of an adsorption process and the nonlinear form of
the model is given by the following equation:

K,

2303 "

log(q. — q,) = logq, — *
Where q. (mg/g) and q, (mg/g) are the amounts of the amount
adsorbed at equilibrium and at time t; k; (min~") the rate
constant in the pseudo-first-order model determined by
plotting Log(qe-q) Vs t.

The pseudo-second-order model: This kinetic model,
proposed by Ho and McKay,*® assumes that the rate-limiting
step is the chemisorption, where electron sharing or exchange
occurs between the solute and the sorbent. This involves the
adsorption of an adsorbate molecule onto two active sites on
the sorbent surface where the nonlinear form of the model is
given:

12

10

final

pH zpc= 5.06

™~

=
=

pH wmibal

Figure 5. Determination of load predominance zones (pHzpc).
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Figure 6. Effect of pH on the adsorption of MB onto ACS (Adsorbent dose: 8 g/L, Co: 10 mg/L, Particle size: 0.2 mm, Agitation speed:
200 r/min, time: 60 min, and T: 25°C).
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Figure 7. Effect of agitation speed on the adsorption of MB onto ACS: (Adsorbent dose: 8 g/L, Co: 10 mg/L, Particle size: 0.2 mm, pH: 6, time:
60 min, and T: 25°C).
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t 1 1
it 5)
q¢ KZ L q.

Where k, (g/mg min) is the pseudo second order rate constant;
de is determined by plotting t/q, vs t

The Elovich model: 1t is used to interpret adsorption ki-
netics and successfully describes second-order kinetics as-
suming an energetically heterogeneous surface®”:

q: = <%> Ina.p+ (%) Int 6)

Where o (mg/g min) is the initial adsorption rate and S (mg/g)
relates the degree of surface coverage to the activation energy
involved in chemisorption.

The Intraparticle diffusion model: To identify the diffusion
mechanism in adsorption, the intraparticle mass transfer dif-
fusion model was suggested by Weber and Morris*’:

q; = I<in\/E +C (7)

Where K;, is the intra-particle diffusion rate (mg/gmin'’?), g,

the amount of MB adsorbed at time ¢ and C (mg/g) the in-
tercept. The constants of the different kinetic models as well as
the calculation of the statistical errors obtained after modeling
are grouped in Table 2.

The relationship between q, and t'< shows a multilinear
curve of the experimental MB data, which reflects different
types of diffusion.

172

(1) The first step explains the external mass transfer of
dissolved MB to the outer surface of ACS.

(i) The second and last stages reflect the porous diffusion
and equilibrium phases, respectively.

Therefore, MB adsorption is driven by more than one
mechanism, ie, both chemical reaction and pore diffusion
processes are involved in the iodine uptake by the adsorbent. If
intraparticle diffusion occurs, then the plot g, vs t'/? is linear
and passes through the origin, indicating that intraparticle
diffusion is the only parameter controlling the process. Oth-
erwise, other mechanisms are also involved. The intersection
gives an indication of the boundary layer thickness; the greater
this, the greater the boundary layer effect.

Adsorption Equilibrium Isotherms

Adsorption isotherms that describe how an adsorbate interacts
with the adsorbent are essential for adsorption optimization.
The amount of adsorbate per unit mass of adsorbent at
equilibrium, q. (mg/g) and the equilibrium adsorbate con-
centration, C, (mg/L) are used to plot the adsorption isotherm,
qe as a function of C, (Figure 9). Mathematical models are
used to describe the adsorption. The experimental data were
fitted by four models: Langmuir, Freundlich, Temkin and
Elovich that describe the solid-liquid sorption of MB on ACS.

Langmuir model*" postulates the occurrence of monolayer
adsorption on a fixed number of localized sites. The model
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Table 2. Constants of Kinetic Models (Adsorbent Dose: 5 g/L, Co: (10 -120 ppm), Particle Size: 0.2 mm, pH: 6, Agitation Speed: 200 r/min,

and T: 25°C).
Second Order First Order
Co (mglL) Qex (mglg) Qe (mglg) R? Kz (g/mg.mn) Qi (mglg) R? Ki (mn—")
40 6.324 7.092 0.998 0.0237 9.771 0.927 0.0299
60 7.82 9.524 0.991 0.0099 7.482 0.903 0.00305
80 9.125 13.157 0.935 0.0036 5491 0.745 0.0276
120 9.845 13.951 0.995 0.0039 5.243 0.715 0.0299
Elovich Diffusion
C, (mg/L) R? B (g/mg) o (mg/g.mn) C, (mg/L) Kin mg/gmn ' R? C (mglg)
40 0.802 0.435 1.058 40 1.267 0.975 0.066
60 0.745 0.598 1.062 60 1.552 0.972 —0.385
80 0.595 0.886 1.756 80 1.727 0.9 -0.827
120 0.765 0.835 1.287 120 1.667 0.947 —0.644
—Q— Experimental Isotherm
20 4 —@— Freundlich Isotherm
'—@— Temkin Isotherm 8
—@— Langmuir Isotherm / 3
16 4/—@— Elovich Isotherm /a%o
000/
B 2] =
E 073
8 / /
8 4 /0 /
4 4
"]
0
-? 1 I I I I I I
0 25 50 75 100 125 150 175 200
Ce (mg/L

Figure 9. adsorption Isotherm of MB onto ACS in the optimum condition (Adsorbent dose: 8 g/L, Particle size: 0.2 mm, pH: 6, Agitation

speed: 200 r/min, time: 60 min, and T: 25°C).

assumes that a given adsorbent surface is composed of sites
equivalent in their enthalpies but without additional motion
and without interactions of the adsorbed molecules; the linear
expression is given by

1 1 1
. ®)
q. 9 qm’KL'CE

R, =

1

1+ K.Cy)

©)

The type of isotherm is indicated by the Ry value: (R = 0):
irreversible, (0 <Rp <1): favourable, (Ry = 1): linear, (Ry >1):
unfavourable.

Freundlich’s model"” is based on the formation of multi
layers of adsorbed species on a heterogeneous surface. The
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enthalpies have a logarithmic distribution where the energy
sites with high affinity for the adsorbate are occupied first,
followed by the lower energy sites. The sorption process is
summed over all sites and the linear expression of the model is
given by:
1
Ing, :anFJr;lnCe (10)
Kr (L/g) and n are constants, related respectively to the
capacity and favorability of adsorption extracted from the plot
Inq, vs InC,. When n is between 2 and 10, favorable ad-
sorption is expected, while values less than unity indicates
rather poor sorption characteristics.
Temkin’s model™ postulates the heterogeneity of an ad-
sorbent surface, whose adsorption energy distribution is linear

q. = BrInC, + ByinA (11)
q, R.T

Br = 12

=t (12)

AQ(:L;) is the adsorption energy change and q,,,, (mg/g) the

maximum adsorption capacity. The adsorption data are ana-
lyzed according to the linear plot ¢, vs [nC,, enabling to
calculate the constants At and Br.

Elovich model™ assumes that the number of adsorption
sites augments exponentially with the adsorption, thus im-
plying a multilayer adsorption:

ln% = In(Kg.q,) — ;’—e (13)

Where Ki (L/mg) is a constant, .« (mg/g) the maximum
adsorption capacity, q. (mg/g) the adsorption capacity at
equilibrium and C, (g/L) the concentration of the adsorbate at
equilibrium. Both the constants K and g, are calculated from
the plot of In (¢./Ce) Vs g..

Adsorption isotherms were applied to evaluate the amount
of adsobate accumulation on the adsorbent surface and the
type of interaction. The graphical representation of the line-
arized forms of the four models allowed us to calculate the
constants of the different models (Table 3). The experimental
equilibrium data evaluated by classical models, based on the
R? coefficient as a criterion, show the applicability of the
Langmuir and Temkin models with a maximum adsorption

capacity gme (30.30 mg/g, R*> = 0.999, at 25°C). The
Langmuir model was best suited to fit the experimental data.
Noted that R; indicates the type of isotherm. In our case, the
separation factor Ry takes values between 0.933 and 0.541 in
the concentration range studied (10 - 120 mg/L) confirms that
the adsorption is well described by the Langmuir isotherm
which suggests one of the following three main hypotheses:

(i) The adsorption sites have identical adsorption energy.

(i1) The adsorbate occupies only one site on the surface.

(iii) The adsorption is mostly confined to the adsorbent
surface.

Influence of Temperature

Temperature is an important factor that influences the ad-
sorption of solutes on the surface of activated carbons. Its
importance is not limited only to the need to understand how it
affects adsorption and desorption. The experimental results
obtained allow access to the thermodynamic functions, which
are evaluated from the modeling of the experimental results
with adequate theoretical models. The variation of the ad-
sorbed quantity (.qs the MB equilibrium as a function of
temperature (10 °C—60°C), is illustrated in Figure 10.

Thermodynamic Properties Modeling Studies

The adsorption capacity of MB increases with temperature (20
°C-60°C), beyond which vaporization becomes problematic.
The adsorption mechanisms can be determined from the
thermodynamic functions: free energy (AG®), enthalpy (AH®)
and entropy (AS°®). The equilibrium constant (K) is calculated
by Khan and Singh* by plotting In(q¢/C.) as a function of g,
and extrapolating to zero.The thermal effect on the adsorption
of ACS has been studied between 293 and 313 K. The ad-
sorption of MB involves a variation of the free energy AG®
(kJ/mol) between the initial and final states which predicts the
feasibility of the reaction:

AG® = AH® — TAS° 14)

AG° is composed of the enthalpy term (4H°) which cor-
responds to the energies of interactions molecules/adsorbent,
and entropic term (45°) which expresses the modification and

Table 3. Constants of Isotherms Models (Adsorbent Dose: 8 g/L, Particle Size: 0.2 mm, pH: 6, Agitation Speed: 200 r/min, Time: 60 min, and

T: 25°C).

25° C Langmuir Freundlich Temkin Elovich

K, 0.00709 L/mg I/n:0.738 B:525 Ke :0.0116 L/img

Gmax 30.30 mg/g Kg : 0.406 mg/g A7 :0.112 L/img Qmax © 20.00 mg/g
AQ: 10.012 KJ}/mol

R? 0.999 0.989 0.989 0.989

X2 0.234 1.750 1.875 2012
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Figure 10. Effect of Temperature on the adsorption of MB onto ACS: (Adsorbent dosage: 8 g/L, Co: 10 mg/L, Particle size: 0.2 mm, pH: 6,

Agitation speed: 200 r/min, time: 60 min).

arrangement of the molecules in the liquid phase and on the
surface. The functions AG°, AH°, and AS° are obtained from
the formula:

AG° = —RTInK, (15)

Ky is the apparent equilibrium constant; AH° and AS® are
deduced from the intercept and slope of the line InKy vs1/T.

AH® AS°
InkK, =— 16
" T TR (16)
The equilibrium constant (K) was calculated:
qe N1
=, (17)
Ce Y2

yiand p, are respectively the activity coefficient of the
adsorbed solute, and the solute in the equilibrium suspension.
71/p> is assumed to be uniform for infinitely diluted solutions:

. qe

fimg = 09
The constant K is determined from intercept, by plotting
In(qe/C.) vs C. and extrapolating to C. = 0. The plot of LnK
vs 1/T (Figure 11) is linear; the values of AH® and AS°® are
deduced from obtained from the graph (Equation (16)), the
free enthalpy AG® at various temperatures are given in

Table 4.

Note that the adsorbed MB amount with augmenting the
temperature; this indicates that the adsorption is endothermic
in nature (chemisorption).*® The positive AG® (9.072 kj/mol at
298 K to 0.196 kj/mol at 334 K) value indicates a not
spontaneous processwhile the positive AH® (82 kj/mol) show
that the MB adsorption on the ACS is endothermic, The
entropy AS° (245.689 J/K.mol) with an increased randomness
at the solid solution interface. As the adsorption time in-
creases, the MB moves from a nearly ordered state to an
disordered state within the solution, resulting in an increased
rate of diffusion and removal.

Performance and Regeneration of the Adsorbent

It is instructive to compare the performance of some adsor-
bents available in the literature whose capacities are gathered
in Table 5. We can see that the MB adsorption is well classified
compared to other researches with a maximum adsorption
capacity (Qmax) of 30.30 mg/g, relatively interesting. The
differences of the MB uptakes are due to the properties of each
adsorbent namely the morphology, structure, functional
groups and the surface area. ACSis an attractive adsorbent for
dyes owing to the isoelectric point (pHp,).This study has
yielded encouraging results, and we hope to extend the col-
umn adsorption to semi-pilot scale and test the photo-
degradation of MB on semiconducting oxides is our next
objective. Preliminary experiments have been satisfactory; the
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04 = -9865.69 x + 29.57 , R = 0.999
<1 =
=3
-4 ] 1 T T
0.0030 0.0031 0.0032 0.0033 0.0034
UT (min ")

Figure 1 1. Linear form of LnK, as a function of 1/T for MB adsorption onto ACS. (Adsorbent dose: 8 g/L, Co: 10 mg/L, Particle size: 0.2 mm,

Agitation speed: 200 r/min, time: 60 min, and T: (25-60°C)).

Table 4. Determination of Thermodynamic Parameters (Adsorbent Dose: 8 g/L, Particle Size: 0.2 mm, pH: 6, Agitation Speed: 200 r/min,

Time: 60 min, and T: (25 -60°C)).

T (K) T (K™') K Ln K AG® (KJ/mol) AH® (KJ/mol) AS® (J/mol.K)
298 0.003355 0.029 ~3.550 9.072 82.082 245.689

303 0.00330 0.048 ~3.031 7.847

313 0.00319 0.145 ~1.932 5.395

323 0.00309 0.390 —0.941 2.947

334 0.00299 1.040 0.039 0.198

tests are currently in progress and will be reported very
soon. !

The reusability of the adsorbent for further studies is im-
portant because it promotes cost-effectiveness and and en-
vironmental friendliness.”’ It is essential to assess its ability to
recover its initial efficiency after repeated cycles to extend its
applicability on a large scale.’® Regeneration avoids the use of
new adsorbents, facilitates resource recovery and reduces both
secondary waste generation and operational costs. The use of
acidic solvents has been shown to be an effective desorption
technique.”*®°

The choice of the solvent is essential for the recovery of
adsorbates for further adsorptions and electrochemical, mi-
crobiological, thermal and chemical methods exist for this
purpose. We opted for the chemical route because of its low
cost where the regeneration of adsorbents for other cycles is
economically important. The desorption of MB from ACS was
evaluated using three solvents: H,O, NaOH and HCI. The

highest desorption was obtained in HCI solution (4 M) with a
rate of 98.56% against 78.24% (NaOH) and 45.23% (H,0).
ACS was tested on 4 cycles (R; =98.56%, R, =75.26%, R; =
53.25% and R4 = 38%) (Figure 12). However, a gradual
decrease in adsorption is observed from cycle 1 to cycle 4,
attributed to the alteration of the surface structure of the
adsorbent, thus leading to the blocking of several adsorption
sites.

Adsorption Mechanism

As previously mentioned, the intraparticule diffusion is not the
only factor limiting the MB adsorption onto ACS and other
mechanisms can be involved simultaneously in the adsorption
process of this system. In order to confirm the functional
groups involved in the mechanism adsorption of MB, we
compared the FTIR spectra of the activated carbon before and
after the MB adsorption (Figure 1). The mechanism followed
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Table 5. Comparative Study of the Maximum adsorption Capacity of MB Compared to the Bibliography.

Adsorbents T (K) Qmax (Mglg) teq (min) Dose (g/L) pH Ref.
Grounde palm kernel coat 298 277.771 60 60 9 49
Raw clay 298 50.012 50 0.2 10 50
Purified clay 298 65.512 50 0.2 10 50
Carbon Nano Tube 290 103.621 60 0.2 10 51
300 109.310 60 0.2 10 51
310 119.710 60 0.2 10 51
Strychnos potatorium 298 100.010 120 I 9 52
AC diatomaceous silica 298 126.601 120 I 9 53
Defatted Carica papaya seeds 298 769.231 70 I 10 54
Steam activated bituminous coal 298 580.000 60 0.05 I 55
Jute fiber carbon 298 225.650 50 I 10 56
Sawdust 293 142.360 50 I 7 57
Ccrushed brick 293 96.361 50 I 7 57
Apricot stone 298 46.031 35 I 10 58
343 88.501 35 I 10 58
Zeolite 298 12.500 30 0.02 6 59
Rubber fruit shells 300 134.39 90 I 5 60
Hevea brasiliensis 298 90.504 60 5 8 6l
Hydrogel composite 298 612.48 60 5 10 62
Chitosan 298 479.77 90 5 9 63
Upcycling of aquatic biota 298 3038.57 90 5 3 64
ACS 298 30.30 90 5 6 This study
100
90 -
80
Il Solvent: HCI 4M
70
S
® 60
50
40 -
30 : : .
1 2 Cycle 3 4

Figure 12. Regeneration of the adsorbent (Adsorbent dose: 8 g/L, Co: 10 mg/L, Particle size: 0.2 mm, Agitation speed: 200 r/min, time:

60 min, and T: 25°C).
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Figure 13. Adsorption mechanism.

in the removal of MB on ACS is shown in Figure 13. It
includes z-m stacking, hydrogen bonding and electrostatic
interaction. ACS has a positive charge at pH < pHpzc (=5.05),
on its surface promoting the attraction of the anionic dye. For
pH > pHpzc, ACS acquires a negative charge on its surface,
thus attracting electrostatically the cationic dye MB. The
hydroxyl groups present on the ACS surface are involved in
the hydrogen bond with the N, S, O atoms of MB and this is
evident from the FT-IR results: the broad hydroxyl peak in
ACS decreased after adsorption due to the involvement of
—OH groups in the adsorption mechanism. Furthermore, ad-
sorption is promoted by zz-7 interactions between the ACS and
the aromatic rings of MB. All these mechanisms facilitate the
adsorption process on the surface of the adsorbent.

Examination of the IR spectra after adsorption confirms the
fixation of MB on the surface of ACS. Indeed, we note the
appearance of three bands assigned to the O—H, C = C and C-O
groups where the increase in their intensity confirms the MB
adsorption. The position of these bands is shifted, reflecting the
existence of notable interactions between the MB molecules and
the active sites of the carbon (Figure 13). The shift of the O-H
band confirms the formation of a hydrogen bond between MB
and ACS. A hydrogen bond has occurred between the H- donor
atoms and the acceptor groups on the surface of ACS.

The characteristic band of the aromatic group C = C is
shifted, reflecting the presence of hydrophobic interactions of
n-7 type, between the electron donor group nt of the aromatic
ring and the acceptor group on the ACS surface. The char-
acteristic C—O absorption band is also shifted compared to that

of native ACS, attesting to the strong n-z type interactions
involved between the oxygenated groups of ACS as electron
donor, and the aromatic ring.

Conclusion

The current study showed that ACS can be effectively used as
a raw material for the preparation of activated carbon for MB
dye removal. The Langmuir model provided a better fit to the
equilibrium adsorption data with a maximum capacity of
30.30 mg/g at 25°C. The adsorption follows a pseudo-second-
order kinetic model, where the chemisorption is the rate-
limiting step. MB molecules are attached to the adsorbent
surface by forming a chemical bond and tend to find sites that
maximize their coordination number with the surface.

The kinetic and thermodynamic data were explored in detail
for the design of real effluent treatment. The positive free en-
thalpy AG® and positive enthalpy AH® showed that the ad-
sorption of MB on ACS is endothermic and non-spontaneous
over the temperature range studied. The positive entropy AS®
indicates a random character increases at the solid-solution
interface during adsorption where a structural exchange can
occur between the active sites of the adsorbent and the ions.

For a comparative study, it was instructive to give the
adsorption capacity with the literature. We found that the
uptake capacity of MB observed in the present work is well
positioned compared to other adsorbents. The reusability of
the adsorbent for further studies is a key consideration as it
promotes cost-effectiveness and environmental friendliness.
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This mini-batch study has yielded encouraging results, and
we aim to perform the adsorption in column mode under the
conditions applicable to effluent treatment at semi-pilot scale
and the present study has shown that ACS is a potentially
attractive adsorbent. The removal of MB in column mode and
the degradation of the dye by heterogeneous photocatalysis

will be our next step.

Abbreviation

Nomenclature

MB Methylene blue

ACS Activated Coconut Shells
FTIR Fourier Transform Infrared spectroscopy
pHpzc point of zero charge

Rp Separation factor
AG’(kj/mol) Free energy

AS’(J/K.mol) Entropy

AH(kj/mol) Enthalpy

Cl Index Color

Amax Absorbance peaks

R (%) Elimination yield

qc (mg/g) The adsorbent quantities

R? Determination coefficient
X2 Chi-Squares

A% The volume

C, The initial concentration

N The number of observations

qe(exp) (mg/g)
qe(ca]) (mg/ g)
SEM
t (s)

ki(min~")

k, (g/mg min)
o (mg/g min)
p (mg/g)

K, (mg/gmin
C

1/2
)

The experimental value

The calculated value

Scanning Electron Microscope

Time

The rate constant in the pseudo-first-order
model

The pseudo second order rate constant
The initial adsorption rate

Relates the degree of surface coverage
The intra-particle diffusion rate

The thickness of the boundary layer

Ky (L/mg) Langmuir constant

Kr (L/mg) Frundlich constant

Kg(L/mg) Elovich constant

At and Bt The Temkin constants

n: related rto the capacity of favorability of
adsorption

AQ(J/mol) The Temkin energy change

Qmax (ME/g) The maximum adsorption capacity

T (K) Temperatuze

y1 and y, The respectively the activity coefficient
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