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Abstract

The objective of this work, was the valorization of Mauritanian natural kaolin clay. In this study, both structure and morphol-
ogy were analyzed to determine the clay ability of adsorbance. The Effect of the operational parameters of the adsorption,
using batch tests were studied. As a result, the Adsorption of MB appears to depend on the following factors: the mass of
sorbent the pH of solution, contact time, initial dye concentration and temperature. The pseudo-second order model described
the kinetic data quite well. The Langmuir model was found adequat to provide a better description of the isothermal data, and
to determine the monolayer maximum adsorption ability. Furthermore, the MB adsorption into kaolin was spontaneous and
exothermic as found by the thermodynamic parameters. Moreover, the reusability test showed the stability, and reusability of
the natural clay after 4 cycle of adsorption process. The results of all performed analyses, affirm that the kaolin clay adsor-
bent could be effectively used as an alternative and low-cost material for cationic dye removal from industrial wastewater.
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1 Introduction treatment, all of which play a key part into water resources

contaminations [1].

The pollution of the surface and groundwater sources is
becoming more of a widespread problem that affects world-
wide countries. The volume of fresh water supplied to the
entire industry, agriculture and households have dropped
drastically over the years. This is due to assorted reasons
including, the number of dangerous wastes which has been
increased as to synthesized dyes in water resources, the dis-
charge of dye effluents from industries such as textile, paper
industry, cosmetic, food, technology, so on without any
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However, several techniques have been used to remove
hazardous dye from water due to its harmful effects, includ-
ing, photodegradation [2], coaulation-flocculation [3],
reverse osmosis [4], electrochemical oxidation [5], ozona-
tion [6], solvent extraction [7]. The high expense and manu-
facturing complication of these materials limits their large-
scale use [8].

Over the past few decades, the adsorption process with
activated carbon has remained one of the most efficient and
compelling proposals for the removal of dye-contaminated
wastewater [9, 10]. This is considered an economical alter-
native since it does not necessitate any extra pre-treatment
steps if inexpensive adsorbents are used [11]. In this aspect,
a lot of recent research has focused on finding an economical
and accessible bio adsorbent alternative to replace activated
carbon, as it is expensive and difficult to regenerate [12].

Recently, the use of clays as alternative adsorbents has
drawn attention to dye removal from wastewater [13-16].
Their low cost, as well as their adsorption properties, pre-
sent an advantage compared to other commercially available
adsorbents. The use of locally available sewage sludge has

@ Springer


http://orcid.org/0000-0001-7059-7939
http://crossmark.crossref.org/dialog/?doi=10.1007/s42250-023-00636-0&domain=pdf

2038

Chemistry Africa (2023) 6:2037-2048

considerable economic and environmental advantages. Con-
sequently, several inexpensive adsorbents used to remove
Methylene Blue (MB) from wastewater are reported in the
literature [17, 18].

MB is a basic dye extensively used for cotton and silk
painting. The most common harmful effect of MB is eye
burn since it is thought to be the cause of permanent injury
to eyes. It is also evident to cause mental confusion, profuse
sweating, vomiting, nausea, breathing problem, and methe-
moglobinemia [19].

Therefore, the main objective of this research work, is
to determine the feasibility of employing a local Maurita-
nian clay to remove MB from aqueous solutions. The influ-
ence of various operational parameters on the adsorption
of MB dye onto kaolin clay, such as the adsorbent mass,
pH of the solution, contact time, initial MB concentration
was conducted. The clay physicochemical properties before
and after adsorption of MB were also probed to understand
the adsorption behavior of MB on Mauritanian kaolin clay.
Several kinetics models of adsorption including pseudo-first
order, and pseudo-second order models are implemented.
The isothermal constants for the Langmuir, Freundlich and
Temkin models were obtained by linear regression analysis.
Thermodynamic parameters, such as AG®°, AH® and AS°
were also calculated. The reusability of the clay after several
MB dye adsorption cycles was further evaluated and dis-
cussed. Further the adsorption abilities of natural Maurita-
nian kaolin clay as a low-cost adsorbent were then compared
with the ones reported in the literature.

2 Material and Methods
2.1 Adsorbent and Adsorbate

Natural kaolin clay was collected from the Hassi El Ebyed
in Moughataa of M’Bout, Wilaya of Gorgol region (Mau-
ritanian). The raw natural clay was sieved and the fraction
below 200 pm was collected, and dried at 105 °C in an oven.
This raw material was used for all adsorption tests with-
out any further modification and treatment. MB dye was
obtained from Sigma—Aldrich, Germany (MW: 319.86 g/
mol, purity >99.00%).

2.2 Characterization and Analysis of Natural Clay

The pH, moisture, Swelling index, and loss mass ignition are
determined by described methods [20]. The bulk density was
determined using a picnometer [21]. X-Ray Fluorescence
(XRF) using spectrometer-Type Axios was applied for the
identification of the chemical composition of natural clay.
Meanwhile The mineralogical composition of natural clay
was determined by X-ray diffraction with Xpert Pro model
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diffractometer equipped with a source operating Cu-Ko
(1.54060 A). Fourier Transform Infrared (FTIR) spectros-
copy (Bruker Platinum ATR) in the range of 4000-400 cm™!
wavelengths was also used to identify the samples functional
groups. There was also a use of the Scanning electron micros-
copy (SEM) coupled with energy-dispersive X-ray spectros-
copy (EDX) analysis (JEOL-6300F) to visualize the micro-
structure and morphological characteristics of natural clay.
Differential Scanning Calorimetry (DSC) was carried out in a
temperature ranged from 100 to 750 °C with a heating rate of
10 °C min~"! under argon atmosphere by using a SETARAM
121 apparatus. The pH at the point of zero charge (pH,,.) of
the natural clay was determined by the method described by
El Alouani et al. [22]. A series of (0.01 M) KNO; solution
(V=100 mL) were prepared, and the initial pH of KNO; was
adjusted to a given value from pH 2 to 13 by the addition of
HCI (0.1 M) or NaOH (0.1 M). To each solution, 0.1 g of geo-
polymer was added and shaken for 48 h with an agitation speed
of 120 rpm at room temperature. The differences between the
pH value of the initial solution (pH;) and the final solution
(pHg) were plotted as a function of pH; The point of intersec-
tion of this curve yielded the point of zero charge.

2.3 Batch Adsorption Experiments

Different sort of adsorption experiments was performed of MB
dye onto natural clay in a batch system, and that include the
adsorbent mass (0.025-0.175 g), solution pH (2.7-12), contact
time (0—180 min), initial MB dye concentrations (20-80 mg
LY, and temperature (20-50 °C). The evaluation of adsorp-
tion process was done in a thermostatic batch by adding 0.1 g
of clay to 50 mL of MB dye with initial concentration of 20 mg
L~!. The pH solution was adjusted using HCI (0.1 M) or NaOH
(0.1 M) and measured by the pH-meter Milwaukee model (Mi
150). After equilibrium, the mixture (adsorbate-adsorbent) was
separated using centrifugation (Centrifuge ROTOFIX 32A) at
4000 rpm for 10 min. The spectrophotometer (JASCO V-630
UV-Vis-NIR model) at A, =663 nm was apply to determine
the MB residual supernatant concentration.

The MB dye percentage removal from aqueous solutions is
determined by Eq. (1), while the adsorbed amount at any time
qt (mg g™, and qe (mg g~!) at equilibrium were calculated
using Egs. (2) and (3), respectively:

Ci - Ce
Removal (%) = c x 100 €))]
(C;-C)V
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where C,, C,, and C, (mg L") represent the concentrations
of MB dye at the initial time, at the time t, and the equilib-
rium time, respectively. the V (L) is the volume of MB dye
solution, and the m (g) is the adsorbent mass.

2.4 Adsorption Kinetics

Several kinetic adsorption models were used to examine the
mechanism and adsorption rate in the adsorption study. In this
work the rate of adsorption in the solid phase (adsorbate) was
obtained using the pseudo-first-order (PFO) which is usually
applicable in the first minutes of the adsorption process. this
model can be a monitoring step to the mechanism of adsorp-
tion [23] the linear form of this model was represented by
Eq. (4):

log (¢, — gq,) =logq, — “@)

1
2.303
The pseudo-second order kinetic model (PSO) predicted
that the hypothesis of the rate-limiting step can be chem-
isorption, implying either an exchange or a valence force,
through electron sharing between the adsorbate (inorganic
or organic pollutants) and the adsorbent (solid surface). The
linear form of this model was given by the following Eq. (5):

r__1 .t
49 ke q. )

where g, and q, are the quantities of MB adsorbed (mg g
on the adsorbent at equilibrium and time t, respectively. k;
(min~'), k, (g mg~! min~") are a PFO and PSO constants
respectively.

2.5 Adsorption Isotherms

The evaluation of the nature and homogeneity of the adsorb-
ate layer on the surface of the adsorbent was performed with
the investigation of different isotherm adsorption models.
The Langmuir, Freundlich, as well as Temkin models were
the ones often used for isothermal modelling in adsorption
process [23]. The Langmuir model (where all adsorption
sites assumed to be homogeneous, energetically equivalent
and identical) was used to investigate the maximum adsorp-
tion capacity which correlate the saturation of the clay sur-
face and can be calculated using the linear form of Langmuir
isotherms. The Eq. 6 represents the linier mode of langmuir

model.
CG CE 1

— == 4 6
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where C, (mg/L) is the equilibrium concentration of MB
dye in solution, q, (mg g~ 1) is the equilibrium uptake of MB
dye on the adsorbent surface, q,,,, (mg g”") is the maximum
monolayer retention of MB dye on the adsorbent surface
and K; (L mg~!) is the Langmuir constant that refers to
the energy of adsorption process. The separation factor Ry
was used for the characterization of the Langmuir isotherm
model,which was calculated by the following Eq. (7):

1
=TTk o ™
The adsorption process is unfavorable when (R} > 1),
favorable when (0 <R; < 1), linear when (R; =1) and irrevers-
ible when (R; =0).

Freundlich isotherm model (adsorption sites varying in
interaction with adsorbate) is appropriate for those mecha-
nisms where multilayer adsorption occurs due to heterogene-
ous system. The Linear form of Freundlich isotherm model
can be symbolized as:

Lng, = LnK; + l In Ce ©)
n

where C, (mg L") is the equilibrium concentration of MB
dye, q, (mg g~!) is the amount adsorbed on the adsorbent
at equilibrium, Ky ((mg g_l) (L mg_l)l/n) is the Freun-
dlich adsorption constant and n is the heterogeneity fac-
tor showing the capacity of adsorption onto adsorbent and
the adsorption strength between adsorbent-adsorbate. The
parameter value of n reveals the favorability of the adsorp-
tion process, the reaction is favorable if the values of n> 1
and it is unfavorable if n< 1.

We further investigated Temkin model for the adsorption
of dye onto clay to examine the interaction between adsorbate
adsorbent. This model is expressed by the following Eq. 9:

g, = BLnK; + BInC, )

where B (J mol™") is a constant related to the adsorption
energy and K (L mg™") is the Temkin isotherm constant.

2.6 Thermodynamic Study

In the thermodynamic study, standard change Gibbs free
energy (AG®°) (J mole™), enthalpy (AH®) (J mole™") and
entropy (AS°) (J K 'mol™) parameters used for the determi-
nation of the nature, feasibility, favorability of the adsorption
process. The values of AG°, AH®, and AS° were calculated
as following:

K= qg‘“ (10)

e
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C, (mg L") is the concentration of dye at equilibrium, q_g;
(mg g™ 1) is the amount of dye adsorbed on the adsorbent at
equilibrium, K, (L mg™") is the thermodynamic distribution
coefficient, T (K) is the absolute temperature and R (8.314 J/
mol K1) is the universel gas constant.

2.7 Regeneration and Reusability of the Adsorbent

The regeneration of adsorbents is important from an eco-
nomical point of view; the adsorbents recycling is consid-
ered as an important aspect to minimize the costs related
to the synthesis of materials. The natural clay sample after
adsorption of MB dye was heated up to 400 °C for 2 h (for
MB dye decomposition), the sample was reused and the per-
centage removal was determined using 20 mg L™! MB solu-
tion. many cycles of regeneration were performed, followed
by FTIR and DSC analyses to evaluate the stability of the
adsorbent after regenerations.

3 Results and Discussion

3.1 Characterization of Natural Clay

3.1.1 The Physico-Chemical Properties of Kaolin Clay

The physical and chemical properties of kaolin clay are

listed as following: pH 7.95, moisture 1.49%, Bulk density
0.83, Swelling index 1.03 and Loss on ignition 30.11%.

3.1.2 X-ray Fluorescence Analysis

The chemical composition of clay kaolin, determined by
X-ray fluorescence method, (by mass %) is SiO, 42.098%,
Ca0 0.081%, Al,05 18.573%, Fe,05 5.96%, MgO 0.151%,
K,0 0.176%, Na,0 0.05%, P,05 0.115%, SO5 0.22%, MnO
0.013% and TiO, 1.2999%. These results showed that the
predominant constituents are Silica and Aluminium oxide
and other elements in minor quantities such as iron, titanium,
sulfate, potassium, magnesium, phosphor, calcium, sodium,
and manganese oxides considered as impurities.

3.1.3 XRD Analysis

For the identification of the crystalline phases in the pre-
pared material, XRD analysis was performed, the results of
which are shown in Fig. 1.

Within the structure of this natural clay, the main peaks
appeared in the 20 equal to 12.31°, 19.90°, 24.81°, 34.90°,
35.83°, 38.46°, and 62.30° which correspond to the pres-
ence of Kaolinite with a chemical structure Al,Si,O5 (OH),
and an interlayer distance of 7.18796 A. Other peaks have
appeared in the 20 equal to 24.82°,26.63°, 36.56°, 42.48°,
50.14°, 55.36°, 68.08°, 73.55°, and 79.96° corresponding
to the existence of Quartz with a SiO, chemical structure.
According to the obtained results, this natural clay has a
crystalline structure with the presence of two phases in its
structure Kaolinite and Quartz.

3.1.4 FTIR Analysis

The identification of the functional groups in the prepared
material before and after adsorption was performed, using a
FTIR analysis. Where they are presented in Fig. 2.

The contribution of hydroxyl groups found on the
edges of the kaolin clay platelets explains the existance of
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Fig.2 FTIR spectra of natural clay before and after adsorption of MB
dye

absorption band at 3691 cm™!. The band at 3646 cm™! could
be connected to the stretching vibration of O—H in water. The
band occurring at 3619 cm™! is due to the stretching vibra-
tion of the —OH in the kaolinite sheet attached to aluminum
[24, 25]. The bands found at 1116 cm™" and 999 cm™! can
be explained by the Si—O-Si stretching vibrations of kaolin-
ite or quartz [24]. As for the band occurring at 1028 cm™!
is attributed to the Si—O stretching vibrations [25]. While
the Si—O stretching vibration of Quartz [25]. clarifies the
appearance at 751 cm™!. After the adsorption of MB dye by
the natural clay, a shift was observed in the absorption range
bands in the clay structure, which may indicate the interac-
tion between the functional groups in the clay structure and
the MB molecules. Furthermore, as a result of the adsorption
process of the MB dye, the absorption band appears in the
range of 1602,1395, and 1337 cm™! in the natural clay struc-
ture, which stands for respectively the stretching of -C=C-,

04

C=N- and —C-N- in Poly heterocycles, showing the adsorp-
tion of the MB dye molecules on the clay surface [26, 27].

3.1.5 SEM and EDX Analysis

The SEM coupled with EDX were applied to detect the mor-
phological structure and elemental analysis of the natural
clay sample,the obtained results are illustrated in Fig. 3,
where the SEM image of the natural clay indicates the pres-
ence of a smooth surface within the material, characterized
by a fine particle, and almost of a regular shape.

The EDX spectrum of natural clay is presented in Fig. 3,
showing that the natural clay contains different elements in
various proportions such as O (55.19%), Si (25.67%), Al
(13.77%), Fe (2.88%), Ti (1.34%), K (0.74%), Mg (0.21%),
and Na (0.21%).

3.2 Batch Mode Adsorption of MB
3.2.1 Effect of the Adsorbent Dose

In order to determine the effect of adsorbent mass on the
adsorption process, an investigation was carried out on the
removal of MB dye onto the surface of a natural clay by
varying the dosage of clay in an aqueous medium polluted
with MB using a 20 mg L™! concentration, 7.43 solution pH,
120 min of contact time and 20 °C as a temperature Fig. 4.

Figure 4 reveals that the MB elimination percent-
age increases rapidly from 28.53 to 99.04% following an
increase of natural clay from 0.025 to 0.1 g/50 mL, and then
hits a plateau. In fact the percentage of MB dye removed
was enhanced with the increase in the adsorbent dosage,this
may be due to the existance of a considerable number of
active sites present on the clay surface thereby increasing

25
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Fig. 3 SEM micrograph (a) and EDX spectrum (b) of natural clay
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Fig.4 Effect of natural clay dosage on removal of MB dye (con-
centration=20 mg/L, contact time=120 min, temperature=20 °C,
adsorbent dosage =0.025-0.175 g/50 mL, pH="7.43)

the contact surface between the MB dye and the surface of
the clay [28].

3.2.2 Effect of pH

The effect of the pH solution on the removal of MB dye
on the clay adsorbent was studied by varying the pH of the
aqueous medium from 2.7 to 12 at 20 °C using a fixed dye
concentration of 20 mg L~!, a fixed contact time of 120 min,
and a fixed adsorbent mass of 0.1 g/50 mL, the results are
shown in Fig. 5a. The removal of MB dye on kaolin was
found to be slightly improved from 97.46 to 99.93% when
the pH of the solution increased from 2.7 to 12. The low
removal efficiency of MB on clay was obtained at acidic pH
rather than basic pH. This is mainly due to the number of

98 o
96

94 -

R (%)

90 \

88 - N Py

86 T L] T T T T
10 12

(a)

ApH

hydrogen ions (H") in the solution, which is high in an acidic
solution, filling the active sites, and disfavoring the retention
of the cationic dye on the surface of the clay. On the other
hand, the strong elimination of the dye seen at high pH is
due to the decrease in the number of protons (H") occupying
the active sites, and also to the higher negative charge of the
adsorbent. Equivalent results have been documented in other
studies [29]. The zero-charge point (pHpzc) was established
to provide some information on the natural clay adsorbent's
surface charge.

The pHpzc of the natural clay is shown in Fig. 5b. It is
observed that the zero charge point corresponds to a pH
of approximately 7.2. What this shows is at pH below 7.2,
there is a net positive charge on the surface of the natural
clay, while at pH above 7.2, there is a net negative charge on
the surface of the natural clay [30]. Taking into account the
nature of the pH of the solution polluted with MB dye, vari-
ous probable adsorption mechanisms including electrostatic
interaction, n-x interaction, ion exchange, hydrogen bond-
ing, and acid-base interaction were suggested to provide an
explanation for the interactions between the clay surface, and
the dye molecules in the aqueous phase.

3.2.3 Effect of Contact Time and Initial Concentration
of Dye

The influences of contact time and initial concentration were
tested for the adsorption of MB dye onto kaolin clay.

As shown in Fig. 6 the quantity of the MB dye was
adsorbed rapidly In the first 10 min of contact time which
was about 9.992 mg g~! for 20 mg L™, and reaching about
14.49 mg ¢~!, and 16.19 at 30 min of contact time for

21 o
14 ‘ .
, ’ ) \ PHpzc=7.2
,—’. *
0 -I_ T T \ T T T
2 4 6 N8 10 12 14
-1 pH,
®

-2 A o
\‘._ I ./
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Fig.5 Effect of pH of solution on removal of MB dye (concentration=20 mg/L, contact time =120 min, temperature =20 °C, adsorbent dos-

age=0.1 g/50 mL, pH=2.7-12) (a) and pHp, of natural clay (b)
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Fig. 6 Effects of contact time and initial concentration on the adsorp-
tion of MB dye (concentration =20, 30 and 40 mg/L, contact time =0
to 180 min, temperature=20 °C, adsorbent dosage=0.1 g/50 mL,
pH=7.43)

30 mg L' and 40 mg L™}, respectively. then, after that,
the adsorbed amount remains nearly constant for the con-
centration of 20 mg L™! and gradually slows down until
equilibrium is reached at 14.535 mg g~! for 30 mg L' and
19.29 mg g~! for 40 mg L~!. During the initial phase, the
behavior of dye adsorption is rapid, which can be explained
by the existence of many active sites on the surface of the
clay, over time, these sites become saturated, triggering
forces between the MB molecules on the clay surface [31,
32]. Moreover, in Fig. 6 it was noticed that the adsorp-
tion of MB dye on the surface of the clay goes from 9.992

31 a " C20mgl
[}
® C=30mgL
) A CrdomgL
y=-0.02311x+2.25568
= R’=0.93688
A
=
=
-
04 y=-0.01435x+1.21675
R'=0.71563 .
]
' [}
1 u y=-0.0045x-0.0531 @
n R'=0.26828
———— T : : : : : :

T T T T T T
80 100 120 140 160 180 200

t (min)

(a)

20 0 20 40 60

to 19.29 mg g~! as the initial concentration of MB dye
increases from 20 to 40 mg L™!. The increased concentra-
tion of MB dye in an aqueous medium enhances the interac-
tion between the dye molecules and the kaolin surface and
provides the driving force to move the molecules of MB dye
from an aqueous solution towards the active sites on the clay
surface [33].

3.3 Adsorption Kinetic Studies

Adsorption kinetics of MB dye on the clay was achieved dur-
ing a contact time range of 0—180 min, the results obtained
are illustrated in Fig. 7a, b. The kinetic parameters are sum-
marized in Table 1.

The results obtained from the experiment show that, the
correlation coefficient (R?) of the PSO model was higher
than the PFO model and closer to one. The calculated q,
(q..cal) values was well fitted with the experimental q,
(qe.exp) values for all MB dye concentrations (20, 30, and
40 mg/L). according to this data the PSO model can be con-
sidierid as the best to describe the adsorption of the MB dye
on the surface of the kaolin adsorbent [34] (see Tables 1, 2).

3.4 Adsorption Isotherm Studies

Adsorption isotherms of MB dye on natural clay were per-
formed during initial concentrations of the dye in the range
of 20 and 80 mg L~!. The linear curves of the Langmuir,
Freundlich, and Temkin models are given in Fig. 8. The

20 B C=20mgL
® C=30mgL
A C-40mgL y=0.10633x-0.02449
! R=0.99999
151
v=0.06792x+0.09447
R'=0.9997
< 10
5 y=0.05097x+0.281
R'=0.9991
e
0 20 40 60 80 100 120 140 160 180 200
t (min)

(b)

Fig.7 Kinetic model for MB dye adsorption using natural clay a PFO and b PSO
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Table 1 Pseudo-first order and Pseudo-second order parameters for
the removal of MB dye onto natural clay

values and constants of these isotherm models are illustrated
in Table 3.
As can be seen in Table 3, the R? value obtained for the

Kinetic models Parameters Initial concentration of dye

(mg/L) Langmuir isotherm model (R>=0.99) is higher than that
20 20 20 of Temkin (R>=0.90) and Freundlich (R?=0.86) isotherm
models, which implies a well- fitted adsorption of MB mol-
Pseudo-first-order R® 026838 0711563 0.93688  ocyles on natural clay according to the Langmuir isotherm
Ky 0.0045 0.01435  0.02311  podel, and thus indicates that the adsorption of MB dye is
e.cal 0.9482  3.37619  9.54177  jp 3 monolayer. It should be noted that most of the isotherm
Qe.exp 9455 14992 19.29 adsorption studies of MB on various adsorbents follow the
Pseudo-second-order R* 0.99999 0.9997  0.9991 Langmuir isotherm model [35-38]. Moreover, the maximum
K, — 04616 00488  0.0092 amount adsorbed of MB dye on the surface of clay (qy,,,)
e.cal 9.4046 14.723 19.619 was found to be 25.79 mg g~! at 20 °C. The value of Rp

Geexp 9455 14992  19.29

Table 2 Intraparticle diffusion model parameters for the removal of MB dye onto natural clay

Initial concentration  Intraparticle diffusion model parameters

of dye (mg/L)

kin,, (mg/g. min®) I, (mg/g) kin,, (mg/g. min®%) I, (mg/g) kin,; (mg/g. min®%) I; (mg/g)
20 3.50124 0.1197 - - —0.02114 9.65818
30 3.80325 0.06459 1.01453 9.0622 —0.01372 14.7794
40 3.762 0.371 1.5198 7.6950 0.39369 14.10738
3.4 1,2
@
3,2 g 1,0
3,0 0,8+
o )
QO 2.8 % 0,6
5 2,6 ® O 0,4+
; R2— 0.86 R2=0.99
2,4 0,2
y=0.20808x+2,53033 f- y=0.03878x+0.06696
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Fig.8 Isotherm model for MB dye adsorption using natural clay a Langmuir, b Freundlich and Temkin (c)
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Table 3 Freundlich, Langmuir, and Timken parameters for the
removal of MB dye onto natural clay

Parameters Values
Langmuir Qmax (ME/L) 25.79
K; (L/mg) 0.58
R? 0.99
Ry 0.021-0.079
Freundlich K; (mg/g) 12.56
n 4.81
R? 0.86
Temkin B (J/mol) 3.56
K (L/mg) 25.52
R? 0.90

parameter (0 <R; < 1) shows a favorable adsorption process
of MB dye.

The adsorption capacity (q,,,,) of the Langmuir model
isotherm of MB dye on kaolin clay, compared to a selec-
tion of other clay adsorbents in the literature is depicted
in Table 4. It can be seen that the Mauritanian natural clay
presents a satisfactory performance and a good efficiency
for the removal of MB in an aqueous medium than the other
clays reported in the literature. It is important to note that
the preparation of our natural clay adsorbent required less
energy and has not undergone any chemical modification.

3.5 Adsorption Mechanisms

The adsorption of MB onto kaolin adsorbent is an overly
complex process, a several interactions coexist during the
process. Under the influence of pH, in an acidic environ-
ment, H* ions occupy the negatively charged siloxane group
of the clay. Which assume that the interactions between the
clay surface charged negatively and the positive charge of
dye fall under van der Waals forces, hydrogen bonds, and
n-7 interactions. The clay surface silanol groups are more
deprotonated (Si—O-) in the basic medium, indicating that

Table 4 Comparison of the adsorption capacity of MB dye by various
adsorbents

Adsorbents Qo (Mg g™ References
Raw kaolin 14 [39]
Natural zeolite 21.78 [40]
Zeolite (raw clay) 8.67 [41]
Natural zeolite 19.9 [42]
Moroccan Illitic clay 13.69 [43]

Raw coal fy ash 5.06 [44]
Red-clay 18.83 [45]
Mauritanian natural kaolin clay 25.79 This work

the interaction between the functional groups on the clay
surface, which are negatively charged, and the MB mol-
ecules, which are positively charged, is electrostatic. [30].
According to the results of the FTIR spectra, the absorp-
tion peak intensities of the clay changed after the adsorp-
tion of MB, the apparition of new characteristic absorption
peaks suggests that these functional groups contributed to
the adsorption process, while there are physical-chemical
changes taking place. For example, the electrostatic interac-
tion was confirmed by the apparition of a new peak found at
1395 and 1337 cm™!. The adsorption of MB molecules on
the clay surface under the action of hydrogen bonding was
confirmed by the peak shift around 3691 cm™" to 3693 cm™!
(O—H stretching vibration). In addition, it was discovered
that O-H, Si—O, A1-OH, and Si—O-Si bend in the structure
of kaolin clay handled the removal of MB dye from aqueous
solution as can be elucidated in Fig. 2. As a result, from the
FTIR characterization analysis and the pH solution effect,
the MB cationic dye appears to be adsorbed on the clay sur-
face through electrostatic interaction, Van Der Waals forces
and n-7 interaction. The proposed mechanism for the adsorp-
tion of MB dye on the natural clay is presented in Fig. 9.

3.6 Adsorption Thermodynamics Studies

The thermodynamic parameters such as (AG®), (AH®) and
(AS°®) were calculated by the equation presented in Fig. 10.

The values of these parameters are written in Table 5.
Based on the AG® values at different level of temperatures,
it is clair indicated, the feasibility and spontaneity of the
retention of MB dye onto kaolin adsorbent.

Therefore, the AG® values (between -4.24 kJ.mol~! and
-3.85 kJ.mol_l) exist in the range of — 20 and 0 kJ.mol ™!,
which assume the physisorption nature for the uptake of
MB onto kaolin clay [46]. Moreover, the negative AH®
(= 1.41 kJ mol™") value reveals the exothermic adsorption
process, and The positive value of AS® (13.13 J mol~' K1)
shows a random increase in the aqueous medium during the
reaction between MB molecules and the natural clay surface.
[46]. to conclude, the thermodynamic study confirme the

Molecular Structure of Methylene Blue
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Fig.9 Proposed mechanism for adsorption of MB dye on the natural
clay
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Fig. 10 Enthalpy and entropy change the determination of the
adsorption of MB dye onto natural clay
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Fig. 11 Adsorption process of MB dye after several cycles of adsorp-
tion/desorption using natural clay

Table 5 Thermodynamic parameters for removal of MB dye onto 0\
natural clay i::‘,l." +MB after 4 cycles /\
Thermodynamic parameters
AH® (kJ mol™) —1.41 rr_’— \\
AS° (J mol™' K1) 13.13
AG® (kJ mol™!) 20°C 30°C 40 °C 50°C

—3.85 -3.98 —-4.11 —-4.24 i

4000 3500 3000 2500 2000 1500 1000 sho

spontaneity, feasibility and exothermic physisorption nature
of the MB dye adsorption onto kaolin clay.

3.7 The Reusability of the Adsorbent

Regeneration is very important aspect of the adsorption from
economy and environmental point of view. The regeneration
can reduce the need of new adsorbent and also reduce the
problem of disposal of used adsorbent. Various regeneration
methods have been used with different degrees of success.
These methods includes solvent washing, thermal, chemi-
cal and electrochemical regeneration. However, according
to Aguedal et al. [47], the thermal treatment is an efective
method of treatment which lead to enhance the adsorption
capacities of diatomite and promote the possibilities for
material recovery and recycling.

The desorption and regeneration of kaolin clay was
depicted in Fig. 11. The efficiency removal decreases from
96.74 to 71.92% after a continuous regeneration after 4th
cycle of reuse (5th adsorption test). The efficiency of MB
removal by the adsorption process on thermally recycled
clay decreased slightly, which may be due to the lack of
active sites on the surface of the adsorbent, thereby decreas-
ing the chemical and physical solute/solid interactions. As a
result, this natural kaolin clay can be considered a promis-
ing, efficient and regenerable adsorbent for the removal of
MB as cation dyes from an aqueous medium. Furthermore,

@ Springer
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Fig. 12 FTIR analysis of natural clay and the reusability after 4
cycles

to assess the change in functional groups on the clay surface
before and after recycling adsorption process, a FTIR analy-
sis was conducted.

Figure 12 depicts the FTIR spectra of the clay adsorbent
before and after the 4 cycles of regeneration.

According to the FTIR spectrum Fig. 12, it can be seen
that the clay sample even after the 4 th cycle,the position
of all bands remains the same without any changes in their
positions, further It was also found that the intensity of the
bands changed slightly after using the recycled material.
This change in intensity can be explained by the thermal
degradation of MB molecules that are physically attached
to the clay surface. DSC analysis was conducted to identify
the temperature at which the dihydroxylation of the kaolin
occurred as well as the metakaolin formation, followed by
an evaluation of the stability of the clay after the recycling
process.

Figure 13 presents the results of the thermal analysis
of kaolin before and after 4th thermal recycling process.
The endothermic peak in the temperature between 400
and 650 °C corresponds to the dihydroxylation of the kao-
linite, and the temperature of decomposition is located at
516 °C [48]. The fixation of MB on kaolin surface can be
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Fig. 13 DSC curve of natural clay and the reusability after 4 cycles

explained by a decrease around the hydroxylation peak of
kaolin located between 400 and 650 °C to the area between
450 and 600 °C, and the increase in the H,O decomposition
temperature of kaolin at 526-516 °C after the 4th thermal
recycling which occurred without structural deformation. the
FTIR study confirmed the preservation of kaolin structure
after the 4 th thermal recycling at 400 °C.

4 Conclusions

This research focused on the use of Mauritanian kaolin clay,
as a natural available source to remove methylene blue from
the aqueous environment. An investigation of several param-
eters influencing MB's adsorption on clay were performed.
Additionally, the Langmuir model has the potential to be
well-fitted the adsorption of MB dye onto kaolin on which
the adsorption capacity was 25.79 mg g~' at 20 °C. The
pseudo-second-order model best represented the adsorption
kinetics. The thermodynamic data collected indicate the exo-
thermic and spontaneous physisorption nature of the pro-
cess. Furthermore, the results show that the thermal regen-
eration of the clay could be up to four consecutive cycles
of successful regeneration without change in its structure.
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