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ABSTRACT

The objective of this work is to use sediments of an Algerian dam in adsorbing cationic dye, methy-
lene blue (MB) onto aqueous solution, and test their aptitudes in the fixation of organic pollutants.
The raw mud sediment (RMS) is characterized using X-ray diffraction, scanning electron micros-
copy, energy-dispersive X-ray analysis, Fourier-transform infrared spectroscopy, and BET method
(Brunauer-Emmett-Teller). The results show that the sediments consist of clay phases; the RMS fea-
tured a high surface area of 102.42 m* g™ using the Hang method and 42.39 m?*g™ by BET. Adsorption
results show that the adsorption kinetics is rapid and adjusted to best fit the pseudo-second-order
model. The equilibrium adsorption data analyzed by the Langmuir, Freundlich, and Temkin iso-
therm models revealed that the isotherm of the solution with initial concentration C; < 100 mg-L™"
obeys to the Freundlich isotherm, and those of concentrations greater than 100 mg-L™" follows the
Langmuir model (R? = 0.9919), equilibrium adsorption 93.72 mg-g” for an initial concentration
of 1,000 mg-L* was achieved at a temperature of 293 K and pH of 6. The values of the activation
parameters such as free energy (AG°®), enthalpy (AH°), and entropy (AS°) were also determined. The
results indicate that the process of adsorption of MB on the RMS is spontaneous (AG® < 0) and exo-
thermic (AH® < 0). This study reveals that RMS can be used as an effective low-cost adsorbent of

MB from aqueous solutions.
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1. Introduction

Cationic dyes are widely used in the textile, printing,
leather, and paint industry [1,2]. Since the dyes are the
contemning of wastewater, they pose an important envi-
ronmental problem [3,4], such as increased toxicity and
chemical oxygen demand of effluents. It has a detrimental
effect on photochemical phenomena [5,6]. The methylene
blue (MB) dye is not very dangerous but can have harmful
effects; the most common side effects are headache, vom-
iting, confusion, dyspnea, and high blood pressure. More
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rarely, serotonin syndrome, hemolysis, or allergy can be
observed [7,8]. It is necessary to treat these releases before
they are discharged into the sanitation network. In this
context several processes [9,10] have been used, biological
treatment [11], coagulation [12,13], photocatalytic degra-
dation, and electrochemical degradation [14]. The different
methods envisaged have disadvantages like incomplete
removal, difficulties of implementation, economically are
cost and they produce large quantities of by-products of
the processing operation with difficult regeneration [15,16].
Additionally, the regeneration of low-cost substances is
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not necessary, while that of active carbon is important [17].
In this light, adsorption has emerged as an efficient and
cost-effective alternative to conventional contaminated-wa-
ter treatment facilities. Adsorption is defined as a process
wherein a material is concentrated at a solid surface from
its liquid or gaseous surroundings. Adsorption has many
superior properties compared with other techniques, it
reduces the equilibrium concentrations of cations in solu-
tion, low initial cost, simplicity of design, ease of operation,
insensitivity to toxic substances, and complete removal of
pollutants even from their dilute solutions [18]. Thereby
encouraging research of materials that are both efficient
and cheap, the use of zeolites [19], ion exchangeable resins
[20], activated carbons [2,11,21] and aluminum oxide [22]
is reported because of their cationic exchange properties
in the treatment of organic and metal effluents even in low
concentrations [23].

Several researches [24-29] have been directed towards
the use of natural materials such as adsorbents and more
specifically those based on the clays, because of their avail-
ability and their low costs.

Raw mud sediments have the properties of clays com-
pounds; clays have a high adsorption capacity due to their
lamellar structure which provides increased specific sur-
face areas. Raw mud sediments exist in large quantities and
at a lower cost that can be used as organic effluent adsor-
bent [30,31]. However, only a limited number of studies on
the use of raw mud sediments as an adsorbent have been
found in the literature.

Our research is based on the use of the Ghrib dam
mud (Algeria) in the removal of the MB cationic dye, used
as a model compound for the removal of dyes by adsorp-
tion from aqueous solutions, eyesight, its strength on solid
adsorbents. The deposit of silty sediments in the dam basin
decreases the storage capacity of these dams. Several types
of research [32-34] have reported that over time, the initial
storage capacity of some dam decreases by 50%.

The removal of these sediments from the dams is a very
costly process, this dredging and excavation process leads
to considerable volumes of sediment and solid waste that
are subject to the environment, it generates the accumula-
tion of a mountain of waste in the landfills. The dredging
of a dam can cost the construction of a new dam [35]. It is
therefore, important to value this by-product to reduce the
cost of the transfer operation on one side and other sides;
it is rich in clay minerals favoring the adsorption of organic
and mineral effluents.

The aim of the present study is to contribute to the reso-
lution of the environmental and economic problems caused
by the dredging of dams. The raw mud sediment (RMS) is
an adsorbent therefore at a low cost; it presents a solution
to the problems posed.

2. Materials and methods
2.1. Materials

The adsorbent used in this study is the raw mud sedi-
ment (RMS) of the Ghrib dam located 100 km west of Algiers
(Algeria). We used it in the natural state in the adsorption
of MB. The treatment system consists of drying the RMS

in the open air for several days until the total elimination
of the moisture from the mud. A variant of the particle size
range was suspended in freshly distilled water in a 1-L bea-
ker for several hours, and then the mixture was stirred with
the addition of a small amount of hydrogen peroxide (30%)
(H,O,) solution to eliminate existing organic substances
at the level of the crude mud until all effervescence has
ceased [36]. Then treated with hydrochloric acid to attack
carbonates. Several washing were carried out on the recov-
ered mud and then dried in the oven at 105°C. The mate-
rial thus obtained is crushed, sifted in several grain sizes,
and stored for use as an adsorbent in the crude state of the
MB dye [26].

The adsorbents used are characterized by X-ray dif-
fraction (XRD; Type of the diffractometer: PANALYTICAL
PW-3710, the monochromatic stripe used: FeKa, over the
range of 20 = 10°-80° and a low speed of rotation with a
pitch of 0.02°/s), scanning electron microscopy-energy-dis-
persive X-ray (SEM-EDX) analyzes by (Bruker Nano GmbH,
Germany) was used to observe the surface morphology
of composites. Fourier-transform infrared spectroscopy
(FTIR) analysis of raw mud sediments were performed
using PerkinElmer 983 G-IR spectrometer in the range of
4,000-400 cm™.

Their specific surfaces are determined by the adsorption
of MB and by the BET method (Brunauer-Emmett-Teller)
(Micromeritics ASAP 2000), nitrogen adsorption—desorption
at 77°K.

The adsorbate used is methylene blue (MB, or tetrameth-
ylthionine chloride) [15], a cationic dye with a molec-
ular mass of 373.9 gmol? of crude chemical formula
C,,H,,CIN,S5:3H,0, and water solubility exceeding 100 mg-L™
[31]. It is in the form of a rectangle parallelepiped of
dimensions 17.0 A x 7.6 A x 3.25 A [5,37-39].

e It is an organic pollutant encountered in wastewater
from various industries: textiles and paper, pharmaceu-
ticals, food processing.

e It is a reference molecule for testing adsorbent materials
(one of the most encountered in the literature), which
makes it possible to compare the results obtained in this
work with those from the literature.

e In addition, research carried out on the destruction of
organic pollutants in the aqueous phase is most often
interested in compounds refractory to biological treat-
ment, such as aromatic compounds.

The study of the visible UV spectrum of MB was per-
formed at wavelengths between 200 and 1,100 nm. The
device used is a HACH DR3900 type spectrophotometer.
This analysis allowed us to determine the wavelength that
corresponds to the maximum absorbance A = 664 nm.
The latter was used to determine the equilibrium concentra-
tions of MB (C)) in the rest of the work.

2.2. Methods

All of the solutions used for adsorbate (the MB) are pre-
pared from a concentration solution (1,000 mg-L). The study
was carried out in a batch process, in a set of Erlenmeyer
flasks (250 mL) with 50 mL of MB solution. About 0.5 g
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(64-80 um) of sediment adsorbents was added, mixed,
and placed in a water-batch of MB with known initial con-
centration for limited durations. At equilibrium, the final
concentration in the flasks is determined using a UV spec-
trophotometer at the wavelength A__ already determined.

The amount of MB adsorbed at equilibrium (Q,) and
at time ¢, g, (mg-g™') on the adsorbent mud were calculated
using Egs. (1) and (2), respectively:

D. Addad, F. Mokhtari-Belkhadem / Desalination and Water Treatment 314 (2023) 110-121

e TFirst corresponds to the raw material;

* Second blade is heated to 450°C for 2 h to characterize
the mineral at 7 A whose diffraction peaks are disap-
pearing or greatly attenuated at this temperature;

e Third blade is saturated by ethylene glycol vapors
to highlight the swelling clay phases of the smectites

type [43].

Thus, it can be argued that the clay fraction consists of

C.-C, smectites (montmorillonite clay) [44,45], halloysite, illite, and
_ 0 e V 1 y y
Q= m @ chlorite [46,47]. Moreover, our silt contains impurities such
as quartz (d =7.11221 A), calcite (d =9.88153 A) [15,31,48].
g =Gy @)
m 3.1.2. SEM and FTIR analyses

where Q and g, (mg-g™): the amount of MB adsorbed at
equilibrium and at time ¢; C; and C, (mg-L™): initial and equi-
librium concentrations of MB; V (L): volume of solution of
MB; m (g): the mass of the adsorbent RMS; C, (mg-L™): the
concentration at any time ¢ of the dye.

3. Results and discussions
3.1. Characterization of the adsorbent
3.1.1. X-ray diffraction characterization

The results obtained by XRD are shown in Fig. 1A and
B. The results reveal that the raw mud sediment consists of
illite, halloysite and, impurities such as quartz [40], organic
matter, and carbonates (calcite, magnetite, or dolomite)
[41,42], seen, that the mud was not the seat of a prior puri-
fication and to clarify the nature of the clay phases, a spe-
cific analysis was performed on the particle size fraction
less than 2 um. These analyses are made on three oriented
blades (Fig. 1B):

The surface of the sample was characterized by SEM.
The SEM species can easily enter into the pores of the sed-
iment (Fig. 2). The raw mud displayed a rigid, flat, and
homogeneous surface, without visible pores [49]. The ener-
gy-dispersive X-ray analysis (EDX) analysis of the beads
confirmed the presence of Ca, O, Al, and Si in large propor-
tion, but F, Fe and, Na in small proportion. This confirms the
presence of clay minerals in the raw mud sediment (RMS).

The FTIR spectrum revealed (Fig. 3A) band at
3,697.86 cm™ corresponding to the OH stretching vibrations
of the RMS surface [14]. The interlayer absorption capacity
of water is confirmed in the RMS sample, by the absorp-
tion band at 3,607.86 cm™ which is more intense in sample
MB with RMS and appears at 3,617.59 cm™. This explains
the more accentuated anion exchange property of this sed-
iment. The bands characteristic of stretching vibrations of
Si-O are shown at 1,099 and 1,035 cm™, the band appears
at 909.05 cm™ is due to the AI-OH groups of the RMS. In
addition, the bands appear at 875.71 and 798.57 cm™ are
attributed to the Si-O-Al stretching vibration [13]. In the
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Fig. 1. Diffractogram of the raw mud sediment dam (Algeria).
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Fig. 2. Scanning electron microscopy images and energy-dispersive X-ray analysis patterns of raw mud sediments.

FTIR analysis of adsorbent loaded with MB (Fig. 3B), band
appears at 1,638.04 cm™, which is characteristic of aromatic
cycle of MB cationic dye and a large band at 3,425.84 cm™
corresponding to the stretching vibration band S-OH
due to the fixation of MB with RMS.

3.1.3. Specific surface measurements

The methods of determining the specific surface are gen-
erally based on the adsorption of polar liquids such as water
[50]. The adsorption of MB is one of the common methods
for estimating the specific surface area of some smectites
[51-54]. Kahr and Lorenz Meier have shown that the spe-
cific surface method using MB is more accurate for mont-
morillonite than for other phyllosilicate [55]. The results of
determination of the specific surface with different meth-
ods are listed in (Table 1). It clearly appears that the specific
surface determined by the method of Hang 102.42 (m*g™)
presents the highest value. The study carried out by Dali-
Youcef et al. [31] on the mud of the Fergoug dam (Algeria)
showed that the specific BET surface of this mud S, is
54.58 m*g™ with a pH of 9.9.

The specific surface determined by the three methods
is different, the specific surfaces of the mud defined by the
method of Kahr [38-39,52] and by the method developed at
the University of Laval Canada [53] are close, which indi-
cates that our mud contains a large percentage of smectites,
in line with the results of XRD (Fig. 1A and B). The specific
surface determined by BET method (Lecloux [54]) is the
smallest, which confirms that this method determines the
external specific surface [37].

3.1.4. Zero charge point pH_

The zero charge point of dam sediments was determined
by the solid addition method. It corresponds to the inter-
cept point of the final pH curve with that of the initial pH.
The pH, of the dam sediments is 8.0 (Fig. 4).
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Fig. 3. Fourier-transform infrared spectroscopy spectrum of
raw mud sediment (A) and adsorbent loaded with methylene
blue (B).

3.2. Adsorption study

3.2.1. Effect of adsorbent dose

This study enabled us to determine the ratio (R)
optimum adsorbent/adsorbate and the fraction of the cor-
responding adsorbent diameter. While taking into consid-
eration, adsorption effect of initial concentration. The effect
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Table 1
Specific surface of the sediments

Methods used S, (m*g™)
Method of Hang 102.42
Method of Kahr 89.17
Method of Laval 90.46
Brunauer-Emmett-Teller 42.39
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Fig. 4. pH at the point of zero charge pH, of raw mud sediments.

of adsorbent dose was varied in the range of 2 to 10 g-L™
and was used for the adsorption experiments. The results
are given in (Fig. 5). We note that the removal rate of MB
ions increases gradually with increasing adsorbent dose.
It increases from 10.46 to 78.05 mg-g~'. This rise in removal
rate of MB ions could be due to availability of more surface
area and functional groups. The adsorbent dose of 8 g-L™
and a diameter of grains of (62 < d < 80 um) is considered
as equilibrium value and was taken as the optimal adsor-
bent dose for the subsequent experiments.

3.2.2. Effect of pH

The adsorption is dependent on pH, and temperature
of the solution. Solution pH affects the surface charge of
the adsorbent and the degree of ionization of adsorbate and
particularly on adsorption capacity [1-2,56].

Indeed, it acts both on the surface load of the material
by dissociating functional groups on the active sites, and
on the forces of the bonds involved in the formation of
the molecule-mud complex [6,15].

The pH effect on the adsorption of MB by the sediments
is tested at different initial solutions concentrations (100,
500, and 1,000 mg-L™?). The study is carried out for pH val-
ues between 2 and 12. The pH is adjusted if necessary, at
the beginning of the experiment with sodium hydroxide
NaOH (Prolabo Normapur) to (0.1 mol-L™?) or hydrochloric
acid HCI (Prolabo) with concentration (0.1 mol-L?).

As shown in Fig. 6, the amount adsorbed decreases for
the three solutions studied with increasing pH up to neu-
tral pH value and then increases, may be related to the
preference of dye cations for basic and acidic sites. Results
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Fig. 5. Effect of the ratio dose on adsorption of methylene blue.
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Fig. 6. Variation in the amount of methylene blue adsorbed
by the sediment as a function of pH variation for all three
solutions.

showed a minimum around pH ~ 6, for the three initial
concentrations studied. The dissolution of MB in an acidic
medium gives: (A) is the MB dye.

ACl+H,0+HCl — A"+ CI"+ H,OCl

(A*) cationic dye.

It is a good hydrogen acceptor. In aqueous media, the
cations of the exchangeable dye and those of the surface
and region of the intermediate layer of the mud undergo
hydration, so we have a hydrophilic environment [57].

Knowing that the mud is a mixture of minerals, formed
by the oxides of Al and Si..., these metal oxides form com-
plex hydroxides in solution and the acidic and basic attack
of these complexes at the interface solid-solution leads to
the development of positive or negative load on the adsor-
bent surface. In contrast, the acidic medium enhanced the
adsorption capacities of methylene blue on the mud sam-
ples (Fig. 6). This is presumably due to the adsorption of
negative ions (that is, CI- from HCI) on the positive surfaces
of adsorbent. In a basic medium, the surfaces are negatively
charged due to the abundance of OH-ions on the adsorbent
surface, which causes the electrostatic attraction between
the dye cations and the negatively charged surface [15]. The
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increase in the pH of the adsorbent medium could there-
fore be responsible for the gradual increase in the adsorp-
tion of MB at pH values greater than 6.0. The maximum
adsorbed amount of MB is displayed at a pH of about 9
for the three solutions tested [56,58,59]. Some authors find
it difficult to explain the increase in adsorption at a pH
lower than 4 [26,60].

3.2.3. Effect of the contact time and the initial concentration
of the dye

The effect of contact time on the adsorption of the MB
on the dam sediment is also studied, for methylene blue
solutions of different initial concentrations (100, 500, and
1,000 mg-L™).

The kinetics of adsorption were studied in flasks of
1,000 mL, where a mass of 5 g of the RMS of the Ghrib
dam is mixed with a volume of 500 mL of the MB solu-
tion of initial concentrations 100, 500, and 1,000 mg-L™, at
ambient temperature and normal pH of the solution (with-
out correction). Samples for analysis were taken at regular
time intervals to determine the final concentrations of the
dye. The amount of dye adsorbed at time ¢t, g, (mg-g™) was
calculated using Eq. (2).

Fig. 7 shows the results of analyses; g, increases rapidly
in the first half-hour for the three solutions and then slows
down when the equilibrium is approached [2]. For solutions
of initial concentrations (100 mg-L™), the kinetics are rapid
[3,61,62], the equilibrium is achieved after the first 15 min
for the other solutions of high concentrations, the equilib-
rium is reached after 90 min of contact time between adsor-
bent and adsorbate. Numerous and vacant active surface
sites of the adsorbent were available at the initial stage of
the reaction, and as time lapsed, the vacant sites reduced
in number thereby slowing down the process [62]. Uyar
et al. [8] finds a 4 h equilibrium time to fix MB using clay
alginate as an adsorbent, the increase in adsorbed amount
is negligible after the 100 min of contact time. The increase
in the amount of MB adsorbed at equilibrium was found
to increase with increase in initial concentration. It ranged
from 9.14 mg-g? for MB solution of initial concentration
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Fig. 7. Effect of contact time on adsorption of methylene blue
by raw mud sediment (C, = 100, 500 and 1,000 mg-L™?, m =10 g,
V=1L, pH=5.4and T=20°C).
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100 mg-L* to 93.72 mg-g™ for MB initial concentration of
1,000 mg-L at 20°C and pH = 6. Same results are obtained
by Baysal et al. [6] in his study of removal of methylene
blue onto Bacillus subtilis, he concluded that the increase
of loading capacities is probably due to higher interaction
between MB and biosorbent at higher initial concentration.
The rate of material transfer is proportional to the concen-
tration gradient and the exchange surface [15]. The exper-
imental data were modeled using the pseudo-first-order
and pseudo-second-order (Fig. 8 and Table 2).

3.2.4. Adsorption kinetics

The kinetics and the adsorption mechanism are affected
by the physical and chemical characteristics of the adsor-
bent material [5]. The kinetic study determines the speed
of the adsorption process and subsequently calculates the
time needed to remove the pollutant [30].

To determine the best kinetic model corresponding to
the experimental adsorption data, the pseudo-first-order
model was used (pseudo-first-order).

It was assumed in this model that the rate of adsorp-
tion at the instant t is proportional to the difference between
the amount adsorbed Q, at equilibrium and the amount
g,adsorbed at that time, and that adsorption is reversible [27].

t/Qt (mn .g /mg)

0 #= T T T T |

0 100 200 300 400 500
Time (min)
# 100 (mg/L) =500 (mg/L) 1000 (mg/L)

Fig. 8. Modeling of the adsorption kinetics according to the
pseudo-second-order kinetic model for initial concentrations
(100, 500, and 1,000 mg-L™).

Table 2
Kinetic parameters of the adsorption of methylene blue on the
crude mud according to the initial concentration

Adsorbent Parameters Raw mud sediment
C; (mg:L™)
100 500 1,000
Kinetic models Q exp (mgg™) 9.81  49.23 93.72
First-order K, 10° (min™) 484 921 10.82
kinetic model  Q, (mg-g™) 0.400 1.033 13.84
R? 023 04 0.62
Second-order K, (gmg'min™) 1.14 7.9x102 2.58x107
kineticmodel Q (mg-g™) 9.708 49.26 94.34
R? 1.0 1.0 0.99
Intraparticle K, (mg-g™min™) 0.0024 0.014 0.144
diffusion C (mg-g™) 974 4892  90.74
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The rate law is written:

dq, _ _
— ~Ki(Q-a) ®)

After integrating Eq. (3) between moments 0 and ¢ (min):

K, 4)

log(q, —4,)=logg, - 730

where K : is the rate constant of adsorption that has the
inverse dimension of time (min™); g, and g, (mg-g™) are the
amounts of dye adsorbed on the material adsorbents at
the equilibrium and at instant ¢, respectively.

In the case of apparent pseudo-first-order kinetics,
the plot of log(7,—4,) as a function of time gives a slope line
K,/2,303 and y-intercept logq..

The kinetics of the pollutant fixation reaction on the
adsorbent is ugly successfully described by the pseudo-
second-order. The pseudo-second-order adsorption kinetic
rate equation is expressed in Eq. (5):

@_ PR
o =K,(Q.-49,) ®)

The integration of Eq. (5) followed by its linearization
gives us.

t 1 1
— +—-t 6
s K@ 0 ©

where Q and g, (mg-g"') adsorption capacity of the sed-
iments at saturation and at the moment ¢, respectively;
K, (g'mgmin™) is the pseudo-second-order rate constant.

The path of t/q, according to time (t) will give a right
slope 1/Q, and order originally 1/K,Q>

These values allow the determination of the apparent
rate constant K, and the adsorption capacity of the mate-
rial at saturation (Q,).

The results obtained by applying the pseudo-first-order
are shown in Table 2. The respective values of the correla-
tion coefficients R* (0.23, 0.4, and 0.62) for MB solutions of
initial concentrations (100, 500, and 1,000 mg-L™) are low.
They do not match the path of a straight line. This leads
us to conclude that the pseudo-first-order does not apply
to the three studied solutions [15,63]. The large difference
between the experimental Q (mg-g™) and Q (cal) (mg-g™)
values calculated according to Lagergren reinforces the
cited remarks.

The plot of t/q, as a function of time () [Eq. (6)] gives
straight lines (Fig. 8). The R* values listed for pseudo-sec-
ond-order model were between 0,999 and 1 (Table 2),
which are higher than the obtained R? values for the pseu-
do-first-order model. It is noteworthy that all kinetic data
were best described by the pseudo-second-order kinetic
model irrespective of the different initial concentration in
MB onto RMS adsorbent [1]. There was also a better agree-
ment between experimental Q and calculated Q (cal), for
the three solutions with a difference from - 0.66% to 1.05%.
This suggests that the adsorption process involves the trans-
port of solute molecules from the aqueous solution to the

surface of solid particles followed by intraparticle diffusion,
as observed by some previous works [6,7].

3.2.5. Intragranular diffusion model

During adsorption, there is a series of resistances to
mass transfer (external or internal resistances). Also, it is
known that adsorption process is governed by diffusion
in the liquid film (external diffusion) and the diffusion in
adsorbent particle (internal diffusion). So, in order to obtain
information about the diffusion mechanism, the kinetic
results were analyzed by the intragranular diffusion model
expressed by the Webber-Morris equation [49,64].

q,=K,-t"+C 7)

where g, quantity of methylene blue fixed per unit mass
of adsorbent material (mg-g™) at instant {; K : intraparti-
cle diffusion rate parameter (mg-g™min™) and values of
intercept C gives an idea about the thickness of boundary
layer. This is attributed to the instantaneous utilization of
the most readily available adsorbing sites on the adsorbent
surface (mg-g™) [64].

The plot of 2 vs. g, [Eq. (7)] is presented in Fig. 9. The
results of intraparticle diffusion have shown that all curves
in this figure have two branches; one inclined correspond-
ing to a bulk adsorption stage of an increasing amount of
dye and the other of a low slope corresponding to the estab-
lishment of a balance. The curves do not pass through the
origin, suggesting that diffusion is not the only rate-limiting
step in the adsorption process. The first linear region cor-
responds to the diffusion through a boundary layer (mes-
opores and macropores). The second region is the gradual
adsorption stage, which is attributed to the diffusion from
mesopores and macropores to micropores [65]. Diffusion
in the pores can have a considerable influence on the kinet-
ics of adsorption, but it is not the only factor controlling
the rate of the kinetics [21,64]. The surface and other pro-
cesses such as interparticle diffusion can contribute to the
diffusion process [66].

3.2.6. Adsorption isotherms

Adsorption isotherms are often used for the determi-
nation of maximum pollutant fixation capacities and the
identification of the type of adsorption [15,67].

100
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Fig. 9. Intraparticle diffusion model for adsorption of methylene
blue onto the mud sediment.
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We have tried to characterize the experimental results
of the adsorption of MB on the RMS of the Ghrib dam
(from Algeria) according to the mathematical models of
Langmuir, Freundlich and Temkin models.

3.2.6.1. Langmuir model

The Langmuir isotherm is based on the assumption
that adsorption takes place on homogeneous sites within
the adsorbent. There was no significant interaction between
the adsorbed species. The adsorbent is saturated after the
formation of a layer of adsorbate on its surface [68].

To obtain these two equilibrium parameters of the
Langmuir model, the linearization version can be envis-
aged, in the form:

C 1 C

R ®)
Qg KL .Qmax Qmax
Another R, equilibrium parameter (Hall parameter)

can be determined using the isothermal characteristics of
Langmuir, it is calculated as:

TS TR ©)
+K, -C,
where C: initial concentration (mg-L™), K: Langmuir con-
stant (L-mg™).
If R, > 1, adsorption is unfavorable, (R, = 1) Indicates the
adsorption is linear, when (0 < R, < 1) adsorption is favor-
able and if (R, = 0) adsorption is irreversible [2,15,69].

3.2.6.2. Freundlich model

The Freundlich isotherm, one of the most used empir-
ical equations, describes the non-ideal adsorption. The
model assumes a heterogeneous surface with a non-uniform
distribution of heat of adsorption over the surface [1,22].
The model can be expressed by Eq. (10):
Q. =K,C'" (10)
where Q : quantity of dye adsorbed by the mass m of adsor-

bent (mg-g™'); K, n: constants for a given adsorbent and
solute dependent on temperature, related, respectively to

y=1.379x+1.9712 L2

R?=0.9567 /
* F1
0

In Qe

In Ce

Fig. 10. Modeling of adsorption
Freundlich isotherm model.

results following the

the adsorption capacity and intensity. 1/n: is a parameter
related to the surface heterogeneity or nature of adsorption
[8,65]; C: solute concentration at the adsorption equilib-
rium (mg-L7).

The linearization of Eq. (10) gives:

logQ, =logK, +1»logCe (11)
n

By tracing logQ, = f(logC,), we can determine the values
of the constants K, and n of Freundlich isotherm.

Fig. 10 represents the results of the model, and Table 3
presents the different parameters of the three models used.

3.2.6.3. Temkin model

The Temkin adsorption isotherm model based on the
heat of pollutant adsorption, and the adsorption is charac-
terized by a uniform distribution of the binding energies,
up to some maximum binding energy [62], this model is
done by Eq. (12). The Temkin equation suggests a linear
decrease of sorption energy as the degree of completion of
the sorptional centers of an adsorbent is increased.

Q, :ganT +¥lnCE (12)

T T

where T: absolute temperature in (°K), b, the isotherm
Temkin constant (J-mol™), K, the equilibrium binding con-
stant corresponding to the maximum binding energy.

Fig. 11 represents the results of the modeling. The
results show that the retention capacity of the experimen-
tally evaluated sediments is close to that calculated theo-
retically (Table 3). The adsorption isotherms (Fig. 11) shows
that the adsorption is better characterized by the Langmuir
model for solutions of MB at higher initial concentrations
(>100 mg-L?) (R* = 0.9919) than for the MB solutions at
low initial concentrations (<100 mg-L™), which leads to the
absence of interaction between the adsorbed pollutants. The
calculated value of R, using the expression [Eq. (9)] is in all

Table 3
Adsorption equilibrium parameters according to the Langmuir,
Freundlich and Temkin models

Adsorbent Raw mud sediment
Isothermal models Parameters Values
Langmuir model Q... (exp.) (mgg™) 104.66
K, (L'mg™) 0.019
R? 0.9958
Q... (cal.) (mg-g™) 109.89
R, 0.05
Freundlich model 1/n 0.4691
K, 5.98
R? 0.7594
Temkin model K, (L'mg™) 1.81
b, (J-mol™) 200.61
R? 0.66
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cases between 0 and 1, which means that the adsorption
is favorable (Fig. 12) [15,69,70].

The results presented in Fig. 10 show that the Freundlich
model is better suited for solutions with low initial con-
centrations [26], than for solutions with high initial con-
centrations. The value of 1/n is less than 1, which suggests
that the adsorption sites are heterogeneous. It is generally
stated that for values of n <1, adsorption is low. If the val-
ues of n are between 0 < n < 1, adsorption is moderately
difficult [8,66-68], the values of the Freundlich constant n
are greater than unit, suggesting a favorable adsorption
process [64].

Low R? value is observed in the case of Temkin model;
indicate that adsorption is not described by this isotherm
model. The value of b, is 0.2 kJ'mol” indicating a low
interaction between the adsorbent and adsorbate [67].

For the curves obtained for nonlinear shapes, and
especially for low concentrations, it is observed that
more than one model can be valid to express the mode of
retention.

The plot logQ, based on logC, for the MB studied solu-
tions is shown in Fig. 10. The results show (Table 3) that
the Freundlich model is better suited for solutions with
low initial concentrations (R?>=0.95 and 0 < < 1) [26], than
for solutions with high initial concentrations (R* = 0.76
and n > 1). It is generally stated that for values of n <1,
adsorption is low. If the values of n are between 0 <n <1,

180 4
160 -
140
120

100 -

80 o
¢ Experimental points
—=— Langmuir model
Freundlich model
——Temkin model

Qe (mgg?)

60
40 -
20

0 T T
0 500 1000

Ce (mgL?)

Fig. 11. Adsorption isotherms of methylene blue on raw sedi-
ments of the dam.
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Fig. 12. Variation of R, as a function of methylene blue initials
concentrations solutions onto raw mud sediment.

adsorption is moderately difficult, on the other hand, n
values above the unity indicate that adsorption is a favor-
able physical process [1,69-71]. The equilibrium value of
n = 2.13 (Table 3) suggests favorable adsorption and that
physical adsorption is dominant.

The correlation coefficients calculated from Temkin
isotherm equation (Table 3) reveals that the dye adsorp-
tion at 298 K is characterized by a uniform distribution of
binding energies up to some maximum binding energy.
The increasing temperature probably leads to a decrease
of uniformity.

3.2.7. Comparison of adsorption capacity of different
adsorbents

The comparison of maximum adsorption capacity (Q, )
of methylene blue onto various adsorbents are listed in
Table 4. The (Q_ ) values reported in Table 4 were obtained
using the best experimental conditions of each study. The
adsorbent studied in this work, displayed the best adsorp-
tion capacity among the different sorbents. It exhibited
that adsorbent in this study could certainly be competitive
with other adsorbents and it could be used as a promising
adsorbing material in the wastewater treatment, given an
indication that this adsorbent is very efficient.

3.2.8. Thermodynamic parameters

Thermodynamic parameters for the adsorption process
such as the standard enthalpy AH® (kJ-mol™), the standard
entropy AS° (kJ-mol-K") and the standard free enthalpy
AG® (kJ'mol™) can be evaluated using the Egs. (13)—(15)
[72,73]:

K, = (Cgf (13)

AG®=-R-T-InK, (14)

AG®=AH°—T-AS° (15)
Egs. (14) and (15) may be expressed as:

Ik, = 25801 (16)

Table 4

Maximum adsorption capacity Q  (mg-g™”) of methylene blue
by various adsorbents in other reports

Adsorbents Q, (mg-g™) References
Crude dam mud (Algeria) 104.66 This work
Activated lignin-chitosan 36.3 [72]
Fe,O,/Mt 106.4 [73]
Kaolin 45.0 [74]
Raw KT3B kaolin (Algeria) 52.76 (25°C) [15]
Raw coal-bearing kaolin 78.1 [75]
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Table 5

119

Thermodynamic parameters of the adsorption of methylene blue on sediments

Temperature (°C) Temperature (°K) 1,000-1/T (°K™)

AH® (k]-mol™) AS° (J-mol-K™) AG® (k]-mol™)

20 293.15 341 -9.28
30 303.15 3.29 -8.86
-19.60 -35.32
40 313.15 3.19 -8.53
50 323.15 3.09 -8.19
4 - explained by the fact that adsorption becomes very difficult
35 - and disadvantaged when the temperature becomes very
3 | y = 2.3586x - 4.2506 large [27]. The adsorption of MB is rapid and more sponta-
95 | R? = 0.9933 neous at low temperatures [22].
72
£ 15 4. Conclusion
1 N
05 The present study allows us to conclude that the adsorp-
~ tion of MB by muddy sediment is possible. The adsorp-
0 3 3'1 3'2 3‘3 3'4 3'5 tion studies were carried out as a function of contact time,

1000. 1/T (K-

Fig. 13. Effect of temperature on the distribution constant of the
adsorption phenomenon of methylene blue on the raw mud
sediment (InK,) as a function of (1/T).

We have renewed the same adsorption process that we
have followed in the case of other tests. The initial concen-
tration C, = 100 mg-L™" of the MB solution was selected. To
test the influence of temperature on the phenomenon of
adsorption by the raw mud, the temperature of the adsorp-
tion medium was varied between 20°C and 50°C.

The evolution of InK,, as a function of 1/T (Fig. 13) allowed
us to deduce the thermodynamic parameters related to the
adsorption of MB on the RMS. It shows an increase in the
InK, when the inverse of the temperature (1/T) increases.
Table 5 gives the results of thermodynamic study, in this
temperature range, the structure of the mud is not affected
and so is the stability of the dye. The values of the three
parameters AH®, AS® and AG® of the system demonstrate a
spontaneous, favorable, and exothermic process [15,74].

The negative value of apparent enthalpy change AH°
highlights the possibility of an exothermic process of
dye adsorption. The values of the activation energy are
<40 (k]-mol™) indicate that the adsorption of MB on the RMS
is physical, involving weak interactions between reactive dye
molecules and the charged groups onto adsorbent surface
[6,27,64]. The standard entropy change value (AS°) is not
very large and the negative value indicates decreased disor-
der at the solid-liquid interface during dye sorption. As the
temperature is increased, the mobility of dye ions increases
causing the ions to form an active complex controlled by
an associated mechanism [5,56].

The negative values of the Gibbs free energy change
(AG®) (Table 5) as a function of the increase temperature T
(°K) are indicative of the spontaneous nature of the interac-
tion without requiring large energies of adsorption activa-
tion [8,27,75]. It is also noted that (AG®) increases with the
increase of the temperature of the solution, which can be

initial dye concentration, solution pH, and temperature.
The percentage removal of the dye molecule increased
with increase in initial dye concentration, and contact time.

Batch studies demonstrated that under laboratory condi-
tions, a 10 g-L™" adsorbent dose was found to be optimum
at a pH of 5.6, contact time of 120 min and temperature of
25°C for achieving a removal rate greater than 52% of MB
ions from synthetic solution, containing 1,000 mg-L™ of
MB ions concentration. The kinetic study shows that the
adsorption equilibrium is rapidly reached for dye solutions
at low concentration (15 min), it is 120 min for solutions
of more than 1,000 mg-L™ of initial concentrations.

The adsorption kinetics is very well controlled by pseu-
do-second-order regardless of the initial concentration of
the dye solution. Indeed, the adsorbed amounts are bet-
ter at pH <5 and pH > 7. It records a low fixation rate at
a pH around 6.

Equilibrium adsorption was achieved in about 120 min.
The equilibrium adsorption data analyzed by the Langmuir,
Freundlich, and Temkin isotherm models revealed that
the isotherm of the solution with initial concentration
C, <100 mg-L™" obeys the Freundlich isotherm, and those of
concentrations greater than 100 mg-L™ follows the Langmuir
model (R? = 0.9919), indicating monolayer sorption on a
homogenous surface. The monolayer sorption capacity was
93.72 mg-g™ for an initial concentration of 1,000 mg-L™,
which was achieved at a temperature of 293 K and pH of 5.6.
Adsorption of MB on dam sediment sample seems to be a
favored process. The value of Freundlich constant n = 2.13
suggests favorable adsorption with physical adsorption
dominance.

The correlation coefficients calculated from Temkin
isotherm equation (Table 3) reveals that the dye adsorp-
tion at 298 K is characterized by a uniform distribution of
binding energies up to some maximum binding energy.
The increasing temperature probably leads to a decrease of
uniformity.

Thermodynamic parameters such as change in Gibbs
free energy AG°®, adsorption enthalpy (AH®), and adsorp-
tion entropy (AS°) were also estimated. The enthalpy change
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value (AH® =-19.6 k]-mol™) suggests that the adsorption pro-
cess is exothermic. The negative sign of AS® = -35.32 J-mol"
LK™ indicates that the adsorption process is done by elec-
trostatic interaction between the adsorbent surface and the
adsorbate species in solution. The negative values of AG®
show that the adsorption process is spontaneous. The val-
ues of the activation energy are <40 (kJ-mol™) indicate that
the adsorption of MB on the crude mud is physical.

According to the present findings, muddy sediments
can be a promising adsorbent for cationic dyes removal
from aqueous solution.
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