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Sintering effect on cationic and anionic dyes adsorption efficiency using
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ABSTRACT

This work aims to evaluate the sintering effect on adsorption efficiency to remove cationic and
anionic dyes from aqueous solutions using Moroccan red clay. The adsorption experiments
were carried out and the effect of adsorbent amount, medium pH, contact time, concentration
and temperature on the removal process was investigated. Herein, to understand the adsorption
phenomenon, raw clay was characterized in terms of chemical composition (X-ray fluorescence),
mineralogical composition (X-ray diffraction), thermal analysis (TGA), spectroscopic analy-
sis (Fourier transform infrared spectroscopy) and Brunauer-Emmett-Teller (BET) specific area.
This study suggests that the raw red clay exhibits strong adsorption when compared with sin-
tered red clay for cationic dye rather than anionic (99.30% for methylene blue (MB) and 0.01%
for methyl orange (MO)). The adsorption equilibrium data obtained at 25°C were simulated by
Langmuir and Freundlich isotherm models. The experimental results indicate that the adsorp-
tion efficiency is stable at different pH. The maximum adsorption capacity for removal was 25
and 5 mg/g for raw red clay (RRC) and sintered red clay (SRC) respectively. The adsorption iso-
therm of MB on RRC and SRC was also investigated. Experimental data fitted by using Langmuir
equation gives an R? of 0.969 and 0.978, respectively, for RRC and SRC. For both adsorbents, the
pseudo-second-order kinetics is the most suitable model. As a result, the thermodynamic study
indicates that the adsorption process is spontaneous and exothermic on RRC but for SRC the
process is endothermic and not spontaneous. The obtained results show that both adsorbents
are highly effective for MB cationic dye removal and not for MO anionic dye removal.
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1. Introduction

Significant growth in industrial and urban activities
produce polluted wastewater that is largely contaminated
with organic compounds. Synthetic dyes are used in vari-
ous industries such as textiles, cosmetics, paper and food
[1], and are a major cause of environmental problems due
to their high risk factor, especially for water resources. This
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type of pollution creates an imbalance in the environment
through its visual impact, especially the deterioration of
natural aquatic life. In addition, the infiltration of these
compounds into soil can affect the quality of groundwa-
ter [2,3]. For these reasons, it is necessary to implement a
proper treatment process to overcome these environmental
problems.
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In order to treat wastewater, many treatment processes
such as membrane filtration [3-5], physicochemical treat-
ments [6] and coagulation—flocculation [7] have been
widely used to remove dyes and pollutants from effluents.
However, these different techniques are reported to be lim-
ited by the performance/cost ratio [1]. The adsorption pro-
cess has received increasing attention as it is considered to
be the simplest and most efficient technique used in various
industries, especially in dye removal [8-10]. Furthermore,
this environmental-friendly process does not require much
energy or complex facilities to be implemented [11].

Over the past decade, many published studies have
focused on developing new alternatives to well-known
adsorbents such as activated carbon and its derivatives
[12-14]. Hence, due to their high manufacturing cost, envi-
ronmental-friendly methods have been proposed. More
recently, Mahmoodi et al. produced inexpensive activated
carbons from various vegetable sources such as kiwi fruit
peel, cucumber peel and potato peel to remove dyes in
single- and multi-component systems [4]. From the same
point of view, adsorption based on organic wastes such
as orange peel, wood, palm trees and nuts has received
extensive attention [15-19], while cellulosic materials of
agricultural origin have also been used for methylene blue
elimination [20].

On the other hand, natural inorganic materials have
proved their high ability to remove organic dyes. Clay, phos-
phogypsum, pozzolan and perlite constitute a research board
for the development of natural adsorbents because of their
structures and abundance [21-25]. Jawad et al. [26] achieved
a maximum adsorption capacity of 240.4 mg/g at 303 K for
methylene blue on red kaolin clay while Avila et al. [27] used
treated bentonite to eliminate methyl orange and attended an
adsorption capacity of 125 mg/g. Muscovite clay was the sub-
ject of many works as adsorbent. Amrhar et al. [28] has stud-
ied the adsorption of methylene blue from aqueous solution
using Monte Carlo simulation. Muscovite/phillipsitic zeolite
composite are used for the elimination of heavy metals from
water [29]. Barakat et al. [30] studied the efficiency of mus-
covite-supported iron oxide as an adsorbent and heteroge-
neous catalyst for the absorption of azo dyes. To the best of
our knowledge, only few research works have been reported
on the effect of sintering on adsorption capacity using natural
clay as adsorbent [31]. Red clay used in this study is charac-
terized by its abundance and null shrinkage property, which
makes it suitable for use in various fields of applications.
For example, it has a large application in different Moroccan
industries such as bricks [32], tiles, pottery as well as in the
fabrication of membranes. The effect of sintering on the prop-
erties of clay as fascinated products is very important to pre-
dict the level of contamination after use in specific mediums
as in the case of pottery. In addition, the adsorption study
after sintering can also help to identify the fouling level on
membranes made from red clay.

The main objective of this work is to valorize natural
local material in the environmental fields specifically for dye
removal. The natural red clay is used to evaluate its capac-
ity for anionic and cationic dye removal. Furthermore, the
effect of sintering at 950°C on adsorption capacity was exam-
ined. The study is focused on the elimination of MB and MO
dyes from aqueous solutions using raw (RRC) and sintered

clay (SRC). The effect of adsorption parameters such as pH,
dose, time, dye concentration and temperature was studied.
The isotherms and kinetic models were established.

2. Experimental setup
2.1. Raw materials

The clay sample used in this study was collected from
Ben Ahmed - Settat region and it had a dark brown color
[32]. Two commercial cationic and anionic dyes, respectively,
methylene blue (MB) and methyl orange (MO) were sup-
plied by Loba Chemie (India). Distilled water was obtained
using a laboratory distiller. Sodium hydroxide (NaOH) and
hydrochloric acid (HCI) used for pH adjustment were pro-
vided by Sigma-Aldrich (Germany). Also, sodium nitrate
(NaNO,) used for the determination of pH zero-charge point
(pH,,) was also supplied by Sigma-Aldrich. All chemical
products were used without any treatment.

2.2. Preparation of adsorbents

Clay sample was first crushed, ground and sieved
through a 160 pm sieve to obtain a fine portion, which is
denoted as raw red clay (RRC). Afterwards, a part of the
RRC powder was sintered at 950°C using the thermal treat-
ment sintering program presented in Fig. 1; then this process
was followed by sieving at 160 pum to remove the agglom-
erated grains. The resulting sample is called sintered red
clay (SRC):

2.3. Characterization techniques

Red clay sample was identified by different characteriza-
tion techniques. Chemical composition was determined by
X-ray fluorescence (XRF) (Axios-Malvern Panalytical, UK).
The mineralogical characterization was performed using
X'Pert PRO X-ray diffractometer (Malvern Panalytical, UK)
employing CuKa radiation (1.5418 A)ata goniometer rate of
20 = 4°/min. Fourier transform infrared spectroscopy (FTIR)
was carried out using a Shimadzu (Shimadzu, Kyoto, Japan)
(Affinity-1S) spectrometer equipped with a Golden Gate
(the single reflection) attenuated total reflectance attachment
in the wavelength range of 400 to 4,000 cm™. The BET sur-
face area is measured with an apparatus (Quantachrome
Instrument TouchWin™, St 1 on NOVA touch 4LX
[s/n: 1050021052], USA). The morphological structure was
studied by scanning electron microscopy (SEM) using
Quanta 200 (FEI Company, The Netherland).

Thermal analysis and differential scanning calorimetry
(DSC) of used samples were conducted using a DSC/TGA
simultaneous analyzer (SDT Q600, TA Instruments, DE,
USA) with a heating rate of 5°C/min. The concentration of
MB and MO dyes was measured by UV-Vis spectrophotom-
etry (JASCO V-730 spectrophotometer, Tokyo, Japan) at a
maximum wavelength of 664 and 582 nm, respectively.

2.4. Zero charge point

The pH,,. is a very important factor in the adsorption
phenomena to prospect the surface charge density of the
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Fig. 1. Sintered red clay thermal program.

materials. To determine the pH,,, ., pH tests were performed
by a simple and rapid method [28]. The method consists
mainly of preparing a series of 10 samples of 50 mL volume
of 0.1 M NaNO, solution and adjusting their pH from 2 to 11
by adding a solution of 0.1 M NaOH or 0.1 M HCI. It should
be noted that the mass of both adsorbents (RRC and SRC)
was fixed in 300 mg for each matrix. The prepared suspen-
sions were kept under constant and soft agitation (250 rpm)
at room temperature for 24 h to determine the final pH
values. The zero-charge point (pH,,.) was determined from
the intersection of the pH variation curve ApH = pH, — pH,
and initial pH of the solution.

2.5. Adsorption experiments

The method used on RRC and SRC for dye removal was
based on static batch adsorption. First, a sequence of 50 mL
beakers was prepared with different adsorbent amounts
(50, 100, 200, 300, 400, 500, 800 and 1,000 mg) for discolor-
ation of MB and MO solutions during 90 min, then, the
resulting suspensions were separated by centrifugation and
syringe filters. Finally, the supernatants were measured by
a UV-Vis spectrophotometer. All experiments were carried
out with an electrically thermostatic stirrer at 250 rpm.

In this study, several parameters were studied to iden-
tify the optimal values of pH, contact time, concentration
and temperature for both samples. The pH values were
adjusted to 2, 4, 6, 8 and 10 using NaOH 0.1 M and HCl
0.1 M solutions. Adsorption time was determined by mea-
suring the rejection rate in the range of 5, 10, 15, 30, 45, 60
and 90 min. The effect of concentration on rejection was
studied by varying the concentration of the solution from 10,
20, 30, 40, 50, 60 to 70 mg/L. To evaluate the effect of tem-
perature on dye adsorption and to determine the thermo-
dynamic parameters, different temperature values of 20°C,
30°C, 40°C, 50°C and 60°C were selected. The adsorption
rate (R) was calculated by using the following equation:

C. -C
R(%)=—-"Lx100 1
()" <>
where C; and C, (mg/L) are the initial and final concentra-

tions, respectively. The adsorption capacity g, (mg/g) of RRC
and SRC was calculated by using Eq. (2):

vV

M (Cr - Ct’) (2)

qL’

where V is the solution volume (L), M is the adsorbent
mass (g), C, represents initial concentration and C, indicates
equilibrium concentration (mg/L).

3. Results and discussion
3.1. Clay characterization
3.1.1. Chemical composition

The chemical analyses of red clay were carried out using
X-ray fluorescence spectrometers. The results are grouped
in Table 1:

X-ray fluorescence analysis shows that the natural
Moroccan red clay is characterized by the presence of 59.32%
silica (SiO,), 11.44% of alumina (ALQ,), 4.29% of iron oxide
(Fe,0,) and 2.1% of calcite (CaO). Therefore, the highest
percentage in terms of silicates is due to the presence of
clay minerals and free silicates [33].

3.1.2. Mineralogical composition

The X-ray diffraction (XRD) diffractogram allows the
identification of different mineral phases that constitute
the raw and sintered clay as shown in Fig. 2. Examination
of the XRD patterns shows the presence of quartz, calcite,
muscovite, dolomite and hematite. It can be seen from the
RRC that quartz minerals present the highest proportion.
These results are in agreement with XRF analysis. The SRC
pattern describes the conservation of dominant phases
such as quartz and muscovite. However, the calcite and
dolomite phases disappeared.

The XRD analysis shows that the thermal treatment
transforms the calcite and dolomite structures into unsta-
ble structures and decomposes to CaO and MgO generating
CO,. This is confirmed by the disappearance of the dolomite
and calcite peaks on the SRC spectrum [34,35].

3.1.3. Spectroscopic analysis (FTIR)

Fig. 3 shows the FTIR spectrums of RRC and SRC sam-
ples in the wavelength range of 400-4,000 cm™. The RRC
spectrum shows the presence of two bands at 3,624 and
3,694 cm™, which are dedicated to the stretching of free
hydroxyl groups (~OH). The thermal treatment abolished
the bands on the SRC spectrum. Thus, the presence of a
hydrogen bond between the adsorbed water and the surface
of the clay is represented by a broad band appearing near
3,500 cm™ [36].

The band with low intensity at 1,640 cm™ is attributed
to the deformation vibrations of the H,O molecules
adsorbed between layers [26]. Carbonates (C-O) are char-
acterized by the presence of a slight peak at 1,429 cm™.
During the heat treatment at 950°C, the band at 1,429 cm™
might be shifted to 1,417 cm™ and an intense and clear
band shown at 3,644 cm™ is due to the presence of Ca(OH),
[37]. The tetrahedral layer is indicated by an intense band
at 996 cm™ that corresponds to the valence vibration of
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Table 1
X-ray fluorescence analysis of used raw clay

Element Chemical composition (wt.%)
CuO 0.01
ZnO 0.02
PO, 0.12
K,O 0.18
SO, 0.75
Na,O 0.80
MgO 1.57
CaO 2.10
ALO, 11.44
FeO, 429
SiO, 59.32
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Fig. 2. X-ray diffraction patterns of raw red clay and sintered red
clay samples.

Si-O. A doublet of low intensity at 780-798 cm™ is due to
inter-tetrahedral Si-O-Si bridging bonds in quartz [38].

3.1.4. Specific area (BET)

Specific area is an important parameter to estimate the
capacity of material in terms of adsorption amount. The more
the BET surface is higher, the more adsorption capacity is
significant. In this study, the BET surface measurement was
determined in the same conditions of preparation.

First, the samples were dried in the oven at 105°C for
24 h before analysis. Surface area, total pore volume and
pore size distribution of RRC and SRC samples were deter-
mined from adsorption/desorption isotherms and realized
in an adsorption apparatus (Quantachrome TouchWin™,
St 1 on NOVA touch 4LX [s/n: 1050021052], USA) under
ambient temperature of 33.89°C using liquid nitrogen (N,)
at a bath temperature of 77.35 K. The results were exported
from the isotherm curve of adsorbed amount of N, as func-
tion of relative pressure. The BET specific area is expressed
by m?/g. The result of BET surface for RRC and SRC is,
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Fig. 3. Infrared spectrum of raw red clay.

respectively, equal to 12.605 and 4.475 m?*/g. The pore struc-
ture and pore size distribution characteristics were identi-
fied using t-plot and Barrett, Joyner and Halenda method
(BJH) for the mesopores of samples. From the analysis,
the pore volume and the average pore size distribution
were 0.0371 cm®/g and 3.362 nm for RRC and 0.0086 cm?/g
and 3.363 nm for SRC, respectively.

3.1.5. Scanning electron microscopy

Scanning electron microscopy was performed to observe
the red clay particle texture and to characterize its miner-
alogical assemblages. SEM images illustrated in Fig. 4 were
obtained with different magnifications. The clay particles are
presented in the form of clusters of fine aggregates and plate-
lets in the form of sticks with an automorphic form, which
reveals the presence of quartz in the sample.

3.1.6. Thermal analysis (TGA)

Thermal analysis data of red clay samples present differ-
ent weight losses, which could be explained by different phe-
nomena. From Fig. 5, it was observed that the global weight
loss was around 9.5 wt.% of the initial weight measured in
the temperature range of 0-1,000°C.

The first mass loss observed before 200°C (about 1.7 wt.%)
is dedicated to the elimination of sample moisture. The sec-
ond loss from 200°C to 450°C is dedicated to the combus-
tion of organic matter. The highest mass loss of 6% observed
from 450°C to 700°C is composed of two segments; the first
is due to hygroscopic water elimination by dehydroxyl-
ation of the structural (OH) and the second one that begins
from 600°C is due to the decomposition of carbonates [39].

3.2. Adsorption experiments

The investigated clays, RRC and SRC, are used for MB
and MO dye removal to evaluate their capacity against pos-
itive and negative charged dyes. The effect of sintering at
950°C on adsorption performance is also evaluated to predict
the impact of thermal treatment on clay properties in other
applications such as ceramic manufacturing [4,32,40,41].
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Fig. 4. Scanning electron microscopy pictures of raw red clay (a) and energy-dispersive X-ray spectroscopy analysis (b).

In addition, kinetics, thermodynamics and isotherm studies
help to understand the behavior of RRC and SRC.

3.2.1. Effect of adsorbent dose

In order to optimize in terms of adsorbent mass, different
amounts were applied for dye removal. In this case, RRC and
SRC were evaluated for MB and MO dyes using the same
fraction at different doses.

Fig. 6 shows the evolution of adsorption rate vs. adsor-
bent dosage. RRC and SRC present similar adsorption
profiles for the adsorption of MB 50 ppm during 90 min.
According to the figure, RRC and SRC achieve maximum
adsorption rate using 100 and 200 mg, respectively. From the
result, it could be noted that sintering at 950°C reduces the
adsorption capacity of red clay by about 15%.

The same experimental protocol was used for MO 50
and 10 ppm. Appendix A (supplementary data) illustrates
the evolution of MO removal as a function of RRC and SRC
amounts. It can be concluded that SRC presents null affinity
for MO, while RRC shows a maximum removal rate of 10%
for both concentrations of MO. From these results, it can be
concluded that red clay presents low affinity for MO negative
dye. Moreover, the sintering at 950°C makes SRC free from
positive sites.

As a result, 100 and 200 mg were considered as optimal
doses for RRC and SRC clays, respectively, to determine
other adsorption parameters for MB dye removal. On the
other hand, even at 1,000 mg the adsorption of MO did not
lead to any significant results. For this reason, other effects
were not pursued.

3.2.2. Adsorption kinetics

The adsorption process was studied at initial concen-
tration of 50 ppm, batch temperature of 25°C, optimum pH
of 5.8 and time intervals of 5-90 min using 200 and 400 mg
for RRC and SRC, respectively, at constant stirring speed of
250 rpm. Samples were collected and centrifuged for 5 min at
2,500 rpm before being characterized. Fig. 7 shows adsorp-
tion capacity as a function of contact time using RRC and
SRC samples.

In the case of RRC, it demonstrates that during the first
few minutes, adsorption was fast and dominant due to the
availability of more vacant sites and reached a capacity
value of about 22 mg/g. After 5 min, adsorption was pro-
portionally slower up to 20 min (Fig. 7a) and this could be
related to the slow diffusion of MB into the pores occupying
the entire surface and structure sites of the clay. On other
hand, the adsorption kinetic profile of SRC shows a slow
adsorption rate during the first 30 min compared with RRC
(Fig. 7b). The reaction takes place between the functional
groups on the red clay surface or structure site and the pos-
itive charge of the MB aqueous solution through complex-
ation or cation exchange with the negative charges of the red
clay adsorbent surface. The same results were observed in
the literature [24,42].

The modelization of experimental data using linear and
non-linear kinetic models such as pseudo-first-order (PFO)
and pseudo-second-order (PSO), respectively, was selected
to study the MB adsorption using RRC and SRC samples.

Lagergren’s PFO and Ho’s PSO rate equations were
applied to describe the kinetics of MB adsorption on RRC
and SRC [22,24]. Kinetic models are expressed, respectively,
in Egs. (3) and (4). The amount of dye adsorbed per unit
mass of clay as a function of time was calculated according
to the first-order Lagergren rate equation, and defined as
follows:

g,=q.(1-¢™) 3)

where g, g, t and K are, respectively, the equilibrium capac-
ity (mg/g), adsorbed quantity (mg/g) at time t (min) and K|
(g/mg min) is the rate constant of the adsorption process at
equilibrium of PFO. This constant (K,) can be determined
experimentally by fitting the non-linear equation. Regarding
the PSO model that is expressed by Eq. (4):

e @)

9, Kq’ g,

where K is the rate constant of adsorption processes of the
PSO model (g/mg min).
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Fig. 8 shows the application of the kinetic models of PFO
and PSO for the adsorption of MB on RRC and SRC. The
values of the equilibrium adsorbed quantities g, model con-
stants (K, and K,) and the regression coefficients R? for both
used samples are generated in Table 2.

The figure depicts that experimental data of both samples
are more correlated by the PSO model (Fig. 8c and d) with
correlation factor R? of 0.9998 and 0.9904, respectively, for
RRC and SRC. Meanwhile, the values of R* generated from
PFO fitting curves are 0.342 and 0.592, respectively, for RRC
and SRC (Fig. 8a and b).

The obtained kinetic parameters of MB adsorption are
presented in Table 2. The values of calculated amount of
adsorbed dye at equilibrium (g, ), PFO adsorption rate
constant (K,) and PSO adsorption rate constant (K,) were
generated from the slope or intercept of the straight line
of the appropriate model. The applicability of each model
was checked by the fitness of the straight lines (R? values)
with the linear forms of the models.

Table 2
Constants of the Lagergren pseudo-first-order velocity equation
and the Ho and McKay’s pseudo-second-order equation

First-order K, (min™") q, (mg/g) R?
RRC 0.0451 0.061 0.342
SRC 0.0026 1.131 0.592
Second-order K, (min™") q, (mg/g) R?
RRC 0.0736 25.189 0.999
SRC 0.0379 4.593 0.991

According to the presented results, the Lagergren PFO
kinetic model data do not obey straight lines according
to linear fitting factor R? (0.342 on RRC and 0.592 on SRC)
indicating that the fitting of this model was not adequate. In
contrast, the PSO kinetic model data were found to be the
best fit as indicated from the high values of R? correlation
coefficient for MB adsorption (0.999 on RRC and 0.991 on
SRC). Evidently, the Ho and McKay PSO kinetic model can
be applied to predict the amount of dye uptake at different
contact time intervals and at equilibrium. From Table 2 it
is observed that for the studied condition, the PSO expres-
sion accurately predicts the adsorption kinetics rather than
the PFO model. Furthermore, the adsorption mechanism is
driven by chemical sorption, which is a velocity controlling
process. The same findings are reported in the literature
[36,43,44].

3.2.3. pH effect

The batch pH is an important factor that influences mate-
rials surface charge. In order to understand the character of
studied samples at different pH, pH,,,. point was determined
by plotting the evolution of ApH vs. initial pH as shown in
Fig.9.

As a result, RRC and SRC present similar pH,,,. points
around pH 8. Both samples show a negative charge in the
range of pH from 2 to 8 and positive charge beyond pH 8.
It seems that based on the pH,, that is equivalent to the zeta
potential null, the adsorption of cationic dyes on RRC and
SRC is favorable and is recommended under pH < 8.

To understand the effect of ionic species on solid surface
potential, it is important to distinguish between irrelevant
ions, potential-determining ions, and surface-active elec-
trolytes. Neutral ions are ionic species that cause a change
in zeta potential closer to zero (ApH = 0). The only type of
interaction between these ions and the surface is electrostatic
attraction, which disappears when the surface is neutralized,
so that no further extraneous ions can be adsorbed [45].

Furthermore, potential-determining ions can change
the zeta potential of the electric double layer because they
interact with the particle surface, not just through electro-
static interactions [46].

In this case, pH effect was studied in the range of 2-10
with initial MB concentration of 50 ppm at room tempera-
ture (25°C + 1°C) during 20 and 30 min respectively for RRC
and SRC. The adsorption of MB at different pH is illustrated
in Fig. 10. From the obtained profile, adsorption of MB onto
RRC was favorable and stable at all pH mediums. This can
be due to the high effective charges on the clay surface [47].
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Therefore, the adsorption of MB into SRC was unfavor-
able at pH > 8. SRC shows a minimal adsorption capacity in
acidic and basic media and has a tendency to be favored at
initial pH slightly acidic (between 4 and 6). The maximum
adsorption capacity was obtained at the initial solution of
pH 4 to be 24 and 4 mg/g respectively for RRC and SRC.
The observed decrease in terms of dye adsorption in basic
and acidic mediums can be related to the high interactions
between protons in acidic medium and hydroxyls in the
basic medium. Soft increase in terms of MB adsorption is
due to the increased electrostatic interactions between cat-
ionic dye molecules and the sample surface. This is due to
the deprotonation of active sites of the surface, which means
that a decrease in the surface charge density of the adsorbent
occurs with increasing pH [28].

However, the electrostatic adsorption process in basic
medium cannot explain the slight decrease in MB removal
at pH 8-10. This diminution could be another mode of
adsorption such as chelation ion exchange that results in MB
removal decrease at higher pH [48]. Finally, the pH between

4 and 8 was preferred to study the effect of other adsorption
parameters.

3.2.4. Concentration effect

The influence of the initial MB dye concentration on
adsorption equilibrium was performed in the range of
20-70 ppm at optimum time of each sample, while the
other optimal conditions such as adsorbent dose (0.1 g and
0.2 respectively for RRC and SRC), solution pH (5.8) and
temperature (298 K) were held constant. Fig. 11 shows the
equilibrium adsorption capacity as function of MB initial
concentration for both adsorbents.

Fig. 11 reveals that RRC presents a higher adsorption
capacity g, (mg/g) than SRC under the same conditions.
In the case of SRC, MB removal began from 80% at low-
est concentration of 20 ppm, which can be explained by
the saturation of superficial and structural sites of SRC.
This incapability to remove the totality of MB molecules
lead to a decrease in capacity as function of concentra-
tion. This result is in accordance with previous results.
On other hand, RRC presents a removal rate of 100% in
the range from 0 to 40 ppm before it decreases, this can be
explained by the insaturation of clay surface and structural
sites [49]. From the obtained results, it can be concluded
that RRC presents a maximum adsorption capacity for MB
elimination at the concentration of 40 ppm, meanwhile for
SRC sample, the maximum of adsorption capacity is given
at less than 20 ppm. Additionally, the obtained results
are in concordance with the BET surface area analysis,
which reveal that RRC surface is twice that of SRC.

3.2.5. Adsorption isotherm

The adsorption isotherm studies provide useful infor-
mation into adsorption mechanisms as well as surface
properties and affinity of the adsorbents. The obtained
experimental data of MB adsorption onto RRC and SRC at
equilibrium were analyzed by Langmuir and Freundlich
isotherm models, the most used models for the expres-
sion of adsorption modelization [9,44]. As mentioned in
Eq. (5), the Langmuir isotherm is based on the hypothesis
of monolayer adsorption in which the process takes place
at specific temperatures. Additionally, the adsorbent sur-
face is considered homogeneous and each dye molecule
occupies a unique site. The linear form of the Langmuir iso-
therm model can be expressed as follow:

1 u[lJl )
Q. Q. \QKJC

where Q, Q and K; are the adsorption capacity correspond-
ing to the MB equilibrium concentration C, the maximum
adsorption amount of metal ions (mg/g) and the Langmuir
adsorption constant (L/mg) respectively.

On other hand, Freundlich isotherm is an empirical model
in which the adsorption process is conducted on a multi-
layer adsorption mechanism and heterogeneous surface.
Moreover, the adsorption capacity is directly related to the
equilibrium concentration. The linear form of the Freundlich
isotherm model can be expressed as given in Eq. (6):
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logQ, =logK, +110gCE (6)
n

where Kf and n are the constants of the adsorption model
and empirical constant that indicates adsorption inten-
sity respectively. The experimental data of Langmuir and
Freundlich isotherms for RRC and SRC samples are given in
Fig. 12a—d, respectively. The constant values corresponding
to each model are summarized in Table 3.

For Langmuir isotherm, the fitting plots of 1/Q vs. 1/
C, for RRC and SRC leads to a linear curve with 1/g K, as
a slope and 1/q,, as intercept (Fig. 12a and b). The value
of g, indicates the maximum adsorption capacity of both
samples. The adaptability of the model is determined from
the value of correlation coefficient (R?). On the other hand,
Freundlich isotherm fitting plots of In(Q ) vs. In(C ) for RRC
and SRC are given in (Fig. 12c and d). The value of 1/n gives
an indication of the validity of the adsorption of MB onto
the sample surface. A value of 1/n between 0 and 1 indicates
favorable adsorption [28-30,48]. The numerical values of q,,
K, Kf and 1/n calculated respectively for RRC and SRC are
reported in Table 3.
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Fig. 11. Effect of concentration of sintered red clay and raw red
clay.

Table 3
Isotherm model parameters for MB adsorption onto RRC and
SRC

Langmuir
Adsorbent Intercept T K, R?
RRC 0.074 135.135 0.009 0.969
SRC 0.316 3.129 0.189 0.978
Freundlich
Adsorbent Intercept 1/n Kf R?
RRC 2.870 0.093 17.646 0.174
SRC 0.082 0.186 1.390 0.935

The Table 3 shows the values of the Langmuir and
Freundlich parameters. From the fitting plots and based on
R? values, it appears that the Langmuir model expresses
the adsorption better than Freundlich. As a result, it can be
concluded that the adsorption on RRC and SRC is favor-
able. Moreover, the adsorption of MB on RRC is more highly
described by Langmuir model than Freundlich with a maxi-
mum capacity of 135.135 mg/g. In the case of SRC, both mod-
els are applicable for the description of MB adsorption. It can
be concluded that MB molecules present a good affinity to
the RRC surface. In contrast, SRC presents a low affinity to
MB according to both models. The same results have been
demonstrated for muscovite clay by several authors [28-30].

3.2.6. Adsorption thermodynamic

The influence of temperature was studied in the range
of 20°C-60°C. The tests were performed on 50 mL mixtures
of dye solution at concentration of 50 ppm, with 0.1 and
0.2 g of weight for RRC and SRC respectively at initial pH of
5.8. The mixtures were kept under stirring rate of 250 rpm
for an optimal time of 20 and 30 min respectively for RRC
and SRC.

Fig. 13 shows MB removal using RRC and SRC as a
function of temperature. The influence of batch tempera-
ture directly affects the adsorption process. From the Fig.
13, it can be shown that RRC presents a slight decrease in
terms of adsorption rate when temperature increases from
20°C to 60°C. Moreover, SRC presents a significant decrease
of 50% in adsorption capacity. The adsorption thermody-
namic for two samples obtained at different temperatures
is used to detect and describe the adsorption mechanism as
presented in Fig. 13.

Using the Van't Hoff law equation (Eq. 7a) [50], the inte-
gral of adsorption heat was calculated from K, variation.
This variation is calculated from the slope and intersection of
the plot of InK, vs. 1/T using Eq. (7b).

G° = AH®° —TAS® (7a)
Ik, = AS° AH 7b)
R RT

where K, T, AS°, AH® and R are distribution coefficient
(L/g), absolute temperature (K), entropy change (J/mol K),
standard enthalpy (J/mol) and ideal gas constant (8.314 J/
mol K) respectively. The plots of InK, as a function of 1/T is
illustrated in the Fig. 14:

Enthalpy and entropy values were obtained from the lin-
ear plot of the variation of In(K,) as function of 1/T (Fig. 14);
AH°/R and AS°/R are the slope and intercept, respectively.
From the Fig. 14, the evolution is linear with an R? close to 1
for both samples. The values of the thermodynamic adsorp-
tion parameters of MB dye on RRC and SRC are grouped in
Table 4.

Table 4 presents experimental values of standard free
energy, standard entropy and standard enthalpy. These
parameters are extrapolated from the plot of In(K,) vs. (1/T)
given by the linear regression of experimental data.

The AH® values for RRC and SRC are equal to —16,802.59
and -28,383.99 kJ/mol, respectively. The negative values



H. Jazi et al. / Desalination and Water Treatment 280 (2022) 76-88

0,114 a

0,101

1/QE (g/mg)
(=] o o
o o o
N o ©
1 1 1

o

o

[}
1

0,05

0,04 -

®  RRC-Langmuir
Linear Fit

0,010 0,015 0,020 0,025 0,030 0,035 0,040 0,045 0,050 0,055

1/Ce (L/mg)

324 C n ]
3,01 i
2,81
3
e
52,6
i<l
2,4
L} ®  RRC-Freundlich
2,21 Linear Fit

o 4

1 2 3
logCe (mg/L)

85

0,48 4

0,46 4

& L
E N
[N
1 1

1/QE (g/mg)
o
B
)

0,38
0,36

0,34 4

®  SRC-Langmuir
L Linear fit

0,01

0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09
1/Ce (L/mg)

1,10 4

1,05

1,00

o

©

(]
1

0,90

log Qe (mg/g)

0,85

0,80

0,75 1

®  SRC-Freundlich
n Linear Fit

T T T T T T T
3,0 3,2 3,4 3,6 3,8 4,0 4,2
logCe (mg/L)

Fig. 12. Freundlich and Langmuir isotherms for MB adsorption on raw red clay and sintered red clay.

30

- N N
(&) o (&)
1 1 1

Adsorption Capacity (mg/g)
o

0 T

—=— RRC
—e— SRC

|

44

20

50

60

30 40
Temperature (°C)

Fig. 13. Effect of temperature on MB adsorption using raw red
clay and sintered red clay.

3 ///

2

14
.
o
N ® SRC
£ 0+

1 -

24 /

-3 T T T T T

0,0030 0,0031 0,0032 0,0033 0,0034
1T

Fig. 14. Adsorption thermodynamic of sintered red clay and raw
red clay.



86 H. Jazi et al. / Desalination and Water Treatment 280 (2022) 76-88

Table 4
Adsorption thermodynamic parameters of MB using RRC
and SRC

Sample RRC SRC

AG® (KJ/mg) -7.596 4.370
AS°/R -3.773 -13.423
AH°/R —2,021 -3,414

AS° (J/mol-K) -31.370 ~111.600
AH? (k]J/mol) -16,802.590 —28,383.990
R 0.988 0.983

of this parameter indicate that the reaction is exothermic.
We can conclude that the more temperature increases, the
more adsorption decreases. The distribution order of dye
molecules on the adsorbent increases dependently with
the solution. The values of AS° are found to be -31.36 and
-111.59 J/molK for the adsorption of MB on RRC and SRC
respectively. The negative values of AS° suggest a decrease
in the randomness at the solid/solution interface during
the adsorption of MB dye molecules onto SRC and RRC [51].

The plot of free energy AG® vs. temperature as shown
in Fig. 15 describes the adsorption of MB and discloses that
it is thermodynamically feasible on the RRC sample and
judged by the negative value of AG°. The process is nat-
urally spontaneous in the range of 20°C-60°C. On other
hand, regarding the positive AG® value for the SRC adsor-
bent, it indicates that the process is feasible but not spon-
taneous for MB cations. Therefore, the AG® increased by
increasing the temperature which indicates limitation of the
SRC system for MB adsorption.

4. Limitations and perspectives

Based on the obtained results, the application of red
clay as an adsorbent in industrial scale should be limited
by several parameters such as surface affinity. Red clay
can be used to clarify liquid effluents of positively charged
pollutants as the case of this study (methylene blue dye).
But on the other hand, the studied clay cannot be a good
adsorbent for the removal of negatively charged pollut-
ants. For this reason, this clay could not be a good candi-
date for various industrial effluents. Additionally, the red
clay is still very useful for specific uses. According to the
obtained results, the thermal treatment at high tempera-
ture makes impossible the regeneration of this clay surface
due to the inactivation of the active sites on the surface by
oxidation or partial melting. On the other hand, the appli-
cation of red clay in other processes such as the treatment
of ceramics can be a good solution for several problems.
For example, the elaboration of a low-cost ceramic mem-
branes from red clay sintered at high temperature, allows
bringing a good solution to the phenomenon of fouling.

5. Conclusion

Red clay can be used as a good adsorbent for methylene
blue removal from wastewater. Fourier transforms infrared
analysis, specific area, X-ray diffraction, and thermal analysis

TE5 —=—RRC
£ o SRC
1)
£

14

-2 /.____.
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290 300 310 320 330 340
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Fig. 15. The evolution of free energies vs. temperature.

(TGA) characterization techniques are applied to identify
studied clay samples. Kinetic and isotherms adsorption
models were used to study the adsorption potential of the
clay for the removal of methylene blue in aqueous solution
and demonstrated a maximum adsorption capacity of about
25 and 5 mg/g respectively for RRC and SRC. The kinetic
models indicated that the adsorption process of methylene
blue on clay for both samples obeyed the PSO model (R*
correlation coefficient egal 0.999 on RRC and 0.991 on SRC).
The Langmuir isotherm model was found to be more appro-
priate for predicting the adsorption of methylene blue onto
studied samples with a maximum capacity of 135.135 mg/g.

All these results confirm the potential of this clay to
be used in the field of organic pollutants remediation. On
the other hand, the thermal treatment of this clay at 950°C
reduces the BET surface area and makes red clay inactive
for the removal of MB which is confirmed by the obtained
lowest rates. This result is very significant in investigat-
ing the behavior of sintered red clay SRC in other appli-
cations such as ceramic membrane manufacturing, espe-
cially to treat the problem of membrane fouling.
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Appendix A: Dose effect of raw red clay and sintered red clay for methyl orange removal at concentration of 10 and 50 ppm.
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