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The inorganic montmorillonitic clay material in raw and
modified forms (sodic and fractionated sodic materials) was
evaluated as adsorbent for anionic textile dye (Nylosan Red N-
2RBL). A various characterization using XRD, XRF, AFM,
FTIR, TG, adsorption of methylene blue and pHpcy of the
considered samples was realized. The experimental results show
that, the adsorption was pH dependent with a high adsorption
capacity of NR dye in acidic range. The pseudo-second-order
kinetic model provided the best fit to the experimental data for
the adsorption of dye by clay materials. The equilibrium
adsorption data were analyzed by Langmuir, Freundlich and
Dubinin—Radushkevich isotherm models. The best fit of
experimental data was obtained by the Dubinin—Radushkevich
isotherm model. The maximum adsorption capacity of the raw
clay calculated by the latest isotherm model is 62.05 mg/g. It is
increased in modified forms (170.11 and 201 mg/g for sodic
clay and fractionated sodified clay materials, respectively).
Increasing solution ionic strength (NaCl, KCl, NaNO;, and
Na,S0,) increased significantly the adsorption of dye.
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INTRODUCTION

The presence of dyes in textile effluents can
pose a serious environmental threat when they are
discharged into biosphere without prior treatment
or with an inadequate level of treatment."* Various
physical, chemical, and biological methods,
including ozonation/ oxidation, 3 coagulation/ floccu-
lation,” > photocatalytic degradation,’ sonochemical
degradation, electrochemical degradation, mem-
brane separation,” ® and biological process’ have

been used for the treatment of dyes containing
wastewaters.

But most of these conventional methods are
beginning to prove insufficient for simple and
effective treatment, in addition they are also very
expensive.'® Adsorption is a very effective separation
technique and it is now considered to be the best
wastewater treatment technique in terms of initial
cost, simplicity of design and ease of use.'" 2

Many adsorbents have been tested to reduce
dye concentrations in aqueous solutions. Activated

* Corresponding author: terchismail@gmail.com, smail.terchi@univ-msila.dz
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carbon is considered as an effective technique for the
treatment of polluted water by organic and inorganic
materials, because the activated carbon has a high
adsorption capacity due to its large surface area." "
But it is an expensive adsorbent due to its high costs
of manufacturing and regeneration."”

Therefore, many studies in recent years have
focused on the use of various low-cost adsorbents
to replace activated carbon such as some
adsorbents including agricultural wastes, '® natural
phosphate,'” some natural biosorbents, '* '* hybrid
materials, *°* and clay materials ***° have also
been reported. Using inorganic clays materials as
alternative adsorbents in wastewater treatments
would provide several advantages due to their low-
cost, abundant availability, non-toxicity and high
potential of ion exchange for charged pollutants.
Clay materials have a high adsorption capacity due
to their lamellar structure which provides high
specific surface areas.”’

There are many types of clay materials but
montmorillonite is expected to have the highest
sorptive capacity in comparison to other.® Its
adsorption capacity for cations and organic molecules
is high because of their colloidal properties and
negatively charged layers.”” However, its adsorption
capacity is small for anions in natural states, but this
can be improved wusing surfactants (usually
alkylammonium cations) that modify the surface
charge of the clay from negative to positive or under
acidic conditions when complexation occurs because
of the amphoteric character of the crystal edges.***
But before the organophilization process, the raw
material should be modified by sodic cations,
because Na“ ions can be easily exchanged by
surfactants cations, and fractionated in order to
eliminate the host impurities. Acid Nylosan Red N-
2RBL is one of the anionic dyes that are used in
textile filed. Elimination of this dye from aqueous
solution was studied by electrocoagulation,” ** and
adsorption methods; using activated carbon,” and
biosorbents.'” The inorganic clay materials as
adsorbents have never been studied in the literature.

The focus of the present study was to assess the
potentiality of the Algerian Inorganic montmorillo-
nite clay material as a low-cost adsorbent for the
removal of this dye from aqueous solution. This
procedure is considered as an ideal alternative to
the current expensive methods of removing textile
dyes from wastewater. The raw clay material (raw
IMCM) was sodified and fractionated (particules
size is <2um) in order to improve its adsorption
capacity. Adsorption studies were carried out
under various parameters such as pH, contact time,
initial dye concentration, dose of adsorbent and
salinity. The adsorption kinetic data was tested by

pseudo-first-order, pseudo- second-order and intra-
particle diffusion kinetic models. The equilibrium
data were analyzed using Langmuir, Freundlich
and Dubinin—Radushkevich isotherm models.

EXPERIMENTAL

1. Materials and Methods

1.1. Materials

All the necessary chemicals used in the study were of
analytical grade. Methylene blue (MB) and sodium chloride
(NaCl) were provided by the Biochem Chemipharma. The
anionic dye Nylosan Red N-2RBL was provided from Varian.

1.2. Purification and Modification of the Raw Material

The original inorganic clay material used was Maghnia
montmorillonite. It was isolated from Maghnia clay (Algeria)
by successive decantation from the aqueous suspensions.

The raw material was dried in the oven at 110 °C for four
days, ground in an agate mortar and sieved in 90 pum filter.
The obtained powder was immersed in a (30%) H,O, solution
for 48 h in order to eliminate the organic material. The clay
suspension was then washed seven times in distilled water at
30 °C using the centrifugation process. Dried at 50 °C for five
days, the precipitate was sieved in 100 um filters (this sample
denoted as raw IMCM). Raw IMCM was added into NaCl
solution with a mass ratio of Clay/NaCl = 100/5.55 and stirred
for 8 h at 70°C. The suspension was washed several times
with distilled water using the centrifugation method until no
chloride ion was detected with silver nitrate (AgNO;) solution
(0.1 N) test. The precipitate was then dried at 80 °C for 24 h in
the vacuum oven. The product was ground and sieved through
90 pum for further use. The treated sodium montmorillonite is
designed as (Na-IMCM). The (Na-IMCM) suspension was
placed into centrifuge tubes, and then the suspension was
siphoned off by suction using a syringe in order to recover the
montmorillonite fraction whose particle size is <2um. For
each sampling, the procedure was repeated many times to
collect an adequate amount of fractionated montmorillonite.
The recovered suspension was then dried at 80 °C and crushed
with a mortar. The fractionated montmorillonite was designed
as FNa- IMCM.*

1.3. Characterization

The samples obtained were characterized by a variety of
conventional techniques.

Elemental analysis was performed to get information
about the main elements in the samples. X-ray fluorescence
(XRF) S4 Explorer from Bruker, was used for this purpose.

The XRD analyses were performed in a Bragg—Brentano
geometry using a Brukers D8 Advance diffractometer
(acceleration voltage of 40 kV and an electron current of
30 mA) equipped with a Ge monochromator and using the Cu
K, incident radiation (A\=1.5406 A).

The samples were combined with KBr and compacted
under 7 tons into a disc for analysis with a FTIR spectrometer
(Thermo Electron Corporation-Nicolet 380 FTIR spectrometer).
The infrared spectra were carried out between 400 and
4000 cm™ with a resolution of 2 cm™ with 64 scans.

Thermal gravimetric (TG) analysis was performed using
DW5470H63 STA analyser under a flowing nitrogen
atmosphere, and heated from room ambient temperature to
700 °C, with a heating rate of 10°C/min.
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The atomic force microscopy (AFM) images of the
samples were obtained with an Asylum Research (Oxford
Instruments) type: MFP-3D. It is used for the surface
morphologies.

The pH of suspension of the material (0.15 g) and NaCl
aqueous solution (50mL at 0.01 mol.L™") was adjusted to
successive initial values between 2 and 12. The suspensions
were stirred 48 h at 20 °C and the final pH was measured and
plotted versus the initial pH. The pHpyc is determined at the
value for which pHgua=pHinisial

In this study, Methylene blue is used for the determination
of specific surface area (SSA) and cationic exchange capacity
(CEC) of the inorganic clay materials. Methylene blue dye has
been used for determining SSA and CEC for various inorganic
clay materials for several studies.’” *® Methylene blue in
aqueous state is a cationic dye, CsH;sN;S*, which can be
adsorbed onto negatively charged clay surfaces. The MB
molecule has a rectangular shape with dimensions
17Ax7.6Ax3.25A, and it is assumed that MB molecule lies on
its largest surface. The surface area covered by one MB
molecule is assumed to be about 17Ax7.6A~130 A%
Santamarina et al.** compared MB and N, (BET) adsorption
methods for surface area determination. They remarked that
N, adsorption method gives low values of SSA in swelling
clays because N, cations cannot insert into interlayers space.
The N, adsorption method yields only external surface;
however, MB method can yield both external and internal
surface area of clays.

Methylene  blue  (Sigma—Aldrich, dye content>82%)
adsorption was studied onto inorganic clay materials.
Adsorption studies were carried out with 100 mg of clay
introduced into 50 mL of MB solutions with different initial
concentrations in the range 10-1000 mg.L™". The pH of the
suspensions was adjusted at pH=6, using nitric acid
(1 mol.L™") or sodium hydroxide (1 mol. L™") solutions. The
adsorption equilibrium of MB on materials was reached after
18 h of stirring at 20 “C and 300 rpm. After filtration, the MB
equilibrium  concentrations ~ were  determined by
spectrophotometry at 665 nm (Shimadzu UV-2101PC). After
calibration line which having high regression coefficient
value; 0.999, the MB equilibrium concentrations were
calculated by this relation:

C, = (Abs-0.0029)/0.2 (1)

Table 1

The amount of MB adsorbed (q.) was calculated from the
difference between the initial and equilibrium MB
concentrations;

q.= (C-C.).Vim 2

where q. is the amount of BM adsorbed per unit mass of clay
(mg/g), C; and C, are the initial and equilibrium MB
concentrations (mg/L), m is the mass of used clay (0.1g) and V'
is the volume of solution (50 mL).

Adsorption isotherms of MB were fitted by the langmuir
model using the linearized Langmuir equation:

C/ge = 1/(krgm) + C/gn 3

where k; is the Langmuir constant and ¢, (mg/g) is the
maximum amount of dye which can be adsorbed. The
maximum amount of adsorbed MB allows estimating the
specific surface area of clay covered by the MB molecules
from the equation:

SSA (A%/g) = G ¥ Ay X6.02%10%/My5 )

with a molecular surface of MB (4,,) of 130 A% and the 284
g.mol~! molecular mass of MB (My).*

Generally, the maximum amount of MB adsorbed
corresponds to 1 CEC of clay. For example, an MB adsorption
capacity of 0.9 mmol/g, corresponding to 1,06 of its CEC, was
found on SWy-1 montmorillonite. *' CEC for each sample was
calculated from the equation written according to the
definition:

CEC (mmol/g)= q,/Myz ®)

1.4. Adsorption of Nylosan Red Experiments

The adsorption of the anionic dye Nylosan Red N-2RBL
onto inorganic clay materials was also studied in batch
adsorption experiments. The main properties and chemical
structure of NR are reported in Table 1. The effects of time
(adsorption  kinetics), pH of solution, concentration
(equilibrium experiments), adsorbent (material) dose and ionic
strength have been investigated.

The kinetic study was carried out at 20 °C. Several
solutions of RN of 50 mL and initial concentration of 100 mg-L "'
were prepared. They were mixed with 100 mg of material in
stoppered agitated flasks (300 rpm). The residual dye
concentration in each flask was determined after increasing
contact time (between 2.5 min and 360 min).

Properties of Nylosan Red N-2RBL.*

Chemical name
C.A.S. number 71873-39-7
Color index: C.I. Acid Red 336
Chemical formula C,4H,,CIN4O¢S,,Na
Molecular weight (g.mol ") 587.97
Molecular size (A%) 14.7x13.1x6.6
Ainax (nm) 500
Chemical structure Gt
CH,
NH o
~/
7
Cl

Sodium 6-amino-5-[[4-chloro-3-[[(2,4- dimethylphenyl) amino]
sulfonyl]phenyl]azo]-4-hydroxynaphthalene-2-sulfonate
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Batch pH studies were conducted by shaking 50 mL of
each dye solution with 0.1 g of the clay for 18 h, a range of pH
values from 2 to 12. The pH of the solutions was adjusted with
HCI or NaOH solution by using a pH meter. The flasks were
homogenized by agitation with a magnetic stirrer (300 rpm) at
20 °C.

The equilibrium adsorption experiments were carried out
in stoppered flasks containing 0.1 g of clay and 50 mL of
Nylosan Red solution of initial concentration in the 5-400
mg-L" range for 18 h at pH=4 and 20 °C .

In order to determine the adsorbent-adsorbate equilibrium
of the system, it is necessary to study the effect of adsorbent
dose. The dependence of the adsorption of NR on the
adsorbent dosage was studied by varying the amount of raw
material (raw IMCM) within the range 1-4 g/L maintaining all
other parameters constant (pH=4, C=100 mg/L, =18 h V=50
mL and 7=20 °C).

The effect of ionic strength on the adsorption uptake of the
raw material was investigated using different salts (NaCl, KCl,
NaNOs, and Na,SO,) solutions from 0.01 to 1 mol/L and an
initial dye concentration of 100 mg/1 at pH 4, 2 g/L adsorbent
dose, =18 h and 7=20 °C.

After filtration, the NR equilibrium concentrations were
determined by spectrophotometry at 502 nm (Shimadzu UV-
2101PC). After calibration line which having high regression
coefficient value; 0.993, the RN equilibrium concentrations
were calculated by this relation:

C,= (Abs — 0,0283)/0,0107 (6)

The amount of NR adsorbed (g,) was also calculated from
the difference between the initial and equilibrium NR
concentrations:

4= (CrCe).Vim O

where ¢, is the amount of NR dye adsorbed per unit mass of
clay (mg/g), C; and C, are the initial and equilibrium NR
concentrations (mg/L), m is the mass of used material and V is
the volume of solution (50 ml). The percentage removal
(adsorption efficiency) of the dyes (NR and MB) was
calculated by following relation:

R (%)=[( C-Co)/ Cf x100 ®)

RESULTS AND DISCUSSION

1. Characterization
of the Inorganic Clay Materials

Elemental analysis was performed to get
information about the main elements in the
inorganic clay material. The chemical composition
(% of mass) of raw IMCM and Na- IMCM
samples are respectively: (Mg: 2.76, Al: 18.3, Si:
59.7, P: 0.17, K: 8.65, Ca: 3.19, Ti: 0.67, Mn: 0.11,
Fe: 6.11, Rb: 0.16 and traces of Zn, As, Sr, Zr, Nb:

0.13), (Mg: 3.46, Al: 19.9, Si: 58, K: 5.82, Ca: 3,
Na: 2.11, Ti: 0.41, Fe: 6.64, and traces of Rb, Mn,
P, Zn, As, Sr, Zr, Nb: 0.44).

The raw material is mainly composed of (Si)
and (Al). It contains also (Fe) and (Mg) and
exchangeables cations Ca™, K'. For Na-IMCM
sample, a decrease of K* and Ca®" cations is
observed, this decreasing is substituted by Na’
cations with a cationic exchange process.

Figure 1 reveals the X-ray spectra for raw
IMCM, Na-IMCM and FNa-IMCM. Bragg’s
equation was used to calculate the basal spacing of
the samples. For raw IMCM, the peaks at 20 equal
to 5.94" (doi=15.24 A, interlayer spacing),
20°(dj =45 A) and 35 (d;10=2.5 A),
corresponding to the reflections hkl, (001), (110)
and (200), respectively, are characteristics of the
pure montmorillonite. Some peaks related to
impurities like quartz (Q) at 20= 26.7 and
cristobalite (C) at 26= 20.8" are observed. For the
Na-MMT sample, the interlayer spacing (dgo1=12.5
A) is smaller than that of raw MMT (15.24 A),
confirming the intercalation of Na' cations into
IMCM interlayer space. For the fractionated
sample (FNa- IMCM), the disappearance of some
peaks related to impurities like quartz (Q) and
cristobalite (C) is observed.*

FTIR spectra of raw IMCM, Na-IMCM and
FNa-IMCM are shown in Figure 2. For raw IMCM
sample, bands at 1025 cm’ is attributed to
stretching vibration of Si—O-Si from silicate, 915
cm” (from Al-OH-Al deformation of aluminates),
800, and 460 cm’ are attributed to Si-O-Al
stretching and Si—O bending vibrations of the
montmorillonite  material, respectively were
observed.* Antisymmetric stretching vibrations of
structural —OH groups in IMCM sheets at 3625 cm™,
symmetric stretching vibrations from water
molecule observed at 3416 cm’', and in-plane
bending vibrations of H-O-H at 1636 cm’ are
very sensitive and respond to changes in the
structure of the montmorillonite material were also
observed.* For Na-IMCM and FNa-IMCM, the
intensity of —OH bands (—OH of water) was
increased to a large extent due to the intercalation
of Na" cations, leading to the formation of more
hydrophile surface.
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Fig. 2 — Infrared spectra of Raw IMCM a), Na-IMCM b) and FNa-IMCM c).
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Fig. 3 — TG and DTG curves of raw IMCM a), Na-IMCM b) and FNa-IMCM (*%c).

Both thermogravimetric (TG) and its derivative
(DTG) curves, in inert atmosphere, of raw IMCM
(Fig. 3a) reveals two degradation steps with
maxima at 75 'C and 656 C related to the
following mass losses: first (6,1 %) observed in the
temperature range from 40 to 135 'C and second
(1%) between 624 and 755 ‘C. These mass loss
steps were attributed to desorption of adsorbed
water from the particle surfaces and dehydration of
the hydrated cations in the interlayer space (Ca™
and K", * and loss of OH units through
dehydroxylation ~of the montmorillonite.*’
However, the mass loss of adsorbed and interlayer
water is increased in the case of Na-IMCM sample
(9.2 %) in comparaison with raw IMCM (6.1 %) in
the same temperature range (Fig. 3b) This is due to
the fact that Na' cations is more hydrated in
comparison with Ca™ and K cations. The
fractionated sample (FNa-IMCM) reveals a
decrease in mass loss (7.25%) relatively to Na-
IMCM sample (Fig. 3¢). This can be explained by
the disappearance of some Na' cations during the
fractionation process. The mass loss of
dehydroxylated OH units in the temperature range
(624-755 "C) remains unchanged for all samples.

Figure 4 displays the 3D AFM images (10 um
x 10 um) of the samples thin pellets (Raw IMCM,
Na-IMCM and FNa-IMCM). The measured root-

mean-square (RMS) roughness of the raw IMCM
sample was 194.79 nm, and it is the less smooth
sample. For the sodic clay sample (Na-IMCM), the
value of RMS was decreased to 123.988 nm. The
surface protrusions were less pronounced for Na-
IMCM than raw IMCM. This surface modification
can be interpreted by the high hydropholic state of
sodic clay than raw clay, which leads to a smooth
structure. For the fractionated sodic clay sample
(FNa-IMCM <2pm), the value of RMS was more
decreased to 52.724 nm. The surface protrusions
were less pronounced for FNa-IMCM than Na-
IMCM. This surface modification can be
interpreted by the small particles size of FNa-
IMCM (<2pum) than Na-IMCM, which leads to a
more smooth structure.

The pH=f'(pH;) curves and pHpzc values of all
samples are reported in Figure 5 and Table 2
respectively. It was noticed that after treatment of
raw clay material with NaCl solution; the pHpzc
value is unchanged. This result can be explained
by the neutral pH of NaCl solution that can not
affect the surface charge of the raw clay. However,
in previous study when the adsorbent material was
treated with basic or acidic solutions the pHpzc
were shifted respectively to high or low values
compared to untreated adsorbent.*®
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Fig. 4 — AFM images of raw IMCM (a), Na-IMCM (b) and FNa-IMCM (*°c).
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Fig. 5 — Evolution of the pH¢ according to the pH; of the samples.

After fractionation process, the pHpzc value is
slightly increased from 7.58 for Na-ICM to 7.77
for FNa-ICM. This result may be due to the
disappearance of acidic or less basic impurities
during the fractionation process.

The values of SSA and CEC of samples were
reported in the Table 2.

The SSA and CEC values of raw IMCM were
increased when converted to Na-IMCM, because
the sodium IMCM when added in aqueuse

solution; absorb water many times as its dry mass
present in water and expand when it is wetted, it is
very significant because of its important colloidal
properties.*”” These properties lead to an increase in
surface of contact with adsorbate and lead to an
increase in SSA and CEC. However, a slight
increase in SS4 and CEC is observed from Na-
IMCM to FNa-IMCM structure because the
impurities are eliminated.
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Table 2

SSA, CEC and pHpyc of inorganic clay materials

SSA (m”/g) CEC (mmol/g) pHpzc
Raw MMT 869.26 1.11 7.60
Na-MMT 1157.80 1.47 7.58
FNa-MMT 1192.91 1.52 7.77
60

de (Malg)

PH;

Fig. 6 — Effect of pH on adsorption of RN by raw IMCM a), Na-IMCM b) and FNa-IMCM c).

2. Dye Adsorption Results

2.1. Effect of pH

Solution pH is an important factor in the
adsorption process, which not only influences the
surface charge of adsorbent but also physicochemi-
cal properties of adsorbate.”® The points of zero
charge (pH,,.) of the materials were about 7.6—7.8.

When pH < pH,,. the materials are charged
positively (S-OH + H" = S-OH,").

However, when pH >pH,,. they are charged
negatively (S-OH + OH = S-O" + H,0).

Effect of pH on adsorption of Nylosan Red dye
onto materials curves are showed in Figure 6.

The adsorption is high in acidic range (highest
at pH=2) and decreases with the increase in pH of
the medium for all materials. Adsorption of NR
dye onto materials resulted from electrostatic
interactions between the adsorbents and the NR
molecules. At low pH, the positively charged
surface sites on the materials favor the adsorption
of the anionic dye due to the electrostatic
attraction. But at higher pH, the negatively charged
surface sites on the adsorbents does not favor the
adsorption of the anionic dye due to the

electrostatic repulsion and excess OH™ competing
with the dye anions for the adsorption sites.”" >

2.2. Effect of Contact Time and Kinetic Study

Contact time aids in finding the optimum time
at which equilibrium of adsorption is reached.
Most studies show that adsorption of dyes onto
clay materials occurs rapidly at the first few
minutes of contact and then proceeds gradually
until equilibrium is reached.”® >

The removal of NR dye onto materials (raw
IMCM, Na-IMCM and FNa-IMCM) was rapid in
the short initial contact time (less than 15 min) and
gradually decreased with time until equilibrium
(Fig. 7-a). The rapid adsorption observed during
the first few minutes is probably due to the
abundant availability of active sites on the clays
surface, and with the gradual occupancy of these
sites, the sorption becomes less efficient. It appears
from Fig. 7-a that the contact time needed to reach
equilibrium conditions was 30 to 60 min.

Adsorption rate constants for the NR were
calculated by using three kinetics models (pseudo-
first order, pseudo-second order and intraparticle
diffusion equations) in order to fit experimental
results.



Clay material

877

Lagergren pseudo-first order equation:*®

In (q.—q:) = Ing.—k;t )

where g, and ¢, are the amounts of dye adsorbed
per unit weight of adsorbent (mg/g) at equilibrium
time and time t, respectively, and k; is the rate
constant for the first order kinetics. The adsorption
rate constant (k;) was determined from plotting of
In(g.—q,) vs. t.

Pseudo-second-order equation

The pseudo-second-order kinetics equation: *’

g, = 1/kxq’ +1/q. (10)

where k, is the rate constant for second order
kinetics, ¢. and g, are the amount of dye adsorbed
at equilibrium time (mg/g) and time #mg/g),
respectively. The values of ¢, and &k
(mg.g '.min"") can be determined experimentally

60

from the slope and intercept of plot of #/g, vs. t.
The initial adsorption rate is

h = koq.’

Intraparticle diffusion equation: >

If the diffusion of dye molecules on internal
surfaces of pores and capillaries of the adsorbent is
the rate-limiting step, the adsorption data can be
presented by the following equation:

qt = Kd.t05 + C

(11) %

(12)

where k; represents intraparticle diffusion rate
constant (mg. g'.min ) and C is a constant
(mg/g) which gives information about the
thickness of boundary layer. The plot of ¢, versus
1*? yields a straight line passing through the origin
in case of intraparticle diffusion.

—u— Raw MMT
—eo— Na-MMT
50 T A— FNa-MMT
Y a— —d
40 /¢ ®
—_ a
5 ] (a)
o
E
o 20 1 = -
. -rr’—k/
0
T T T T T T T T 1
0 50 100 150 200 250 300 350 400
t (min)
20 = Raw MMT
e Na-MMT
FNa-MMT
15
10

t/q, (min.g.mg")

—
-50 0 50 100

T 1 - T T T T T - 1
150 200 250 300 350 400

t (min)

Fig. 7 — Adsorption kinetic of Nylosan Red onto inorganic clay materials (a),
and pseudo second-order kinetics modeling (b).
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Table 3
Kinetic constants for NR dye adsorption onto inorganic clay materials
Pseudo first-order Pseudo second-order Intraparticle diffusion model
Ge(exp) qe(The) k, R’ qe(The) K, h R’ Ky C R’
(mg/g) | (mg/g) | (min') (mg/g) | (g/mg |mg/g.min (mg. (mg/g)
min) /gmin®)
RawMMT 19.72 7.51 0.017 0.893 | 19.91 0.0121 5.85 0.999 | 0.366 13.601 | 0.835
Na-MMT 45.28 13.79 0.0055 | 0.272 | 44.30 17.570 | 34482 0.999 | 0.023 43.27 0.161
FNaMMT 47 25.50 0.011 0.355 | 45.70 0.020 42.19 0.999 | 0.37 38.78 0.103

The low value of R’ (Table 3) and the
difference between g.., (experimental adsorption
capacity) and ¢y, (theoretical adsorption capacity)
indicate that the Pseudo-first-order model was not
well suited for describing the adsorption of NR
used in this study. The low value of R’ for
intraparticle diffusion plot indicates that this model
was also not only rate controlling step. High R’
values (R°= 0.999) indicate that Pseudo-second
order model successfully describes the kinetics dye
adsorption by all inorganic clay materials (Fig. 7b).

2.3. Effect of Initial Dye Concentration
and Adsorption Isotherms

It is possible to depict the equilibrium
adsorption isotherm graphically by plotting a solid
phase against a liquid phase concentrations.
Among many theories relating to adsorption
equilibrium and in order to describe the
interactions between the RN and clays, single
component adsorption isotherms equations have
been tested in the present research, namely
Langmuir, Freundlich and Dubinin—Radushkevich.
These isotherms °““®* are represented by the
following linearized equations:

The Langmuir isotherm which assumes that the
adsorption takes place at specific homogeneous
sites within the adsorbent is given by the following
equation:

C/q.=1/kqn + (1/4,)C. (13)

where ¢, is amount of dye adsorbed per unit weight
of adsorbent (mg/g). C, is the concentration of dye
remaining in solution at equilibrium (mg/L). ¢,
(mg/g) is the maximum adsorption capacity
corresponding to complete monolayer coverage and
is a constant related to the energy or net enthalpy.

The Freundlich isotherm used to describe
adsorption tests taking place on heterogeneous
adsorbent surface is given by the following
equation:

Logg.~Logks+(1/n)LogC, (14)

where Ky and n are the Freundlich constants related
to adsorption capacity and adsorption intensity that
can be obtained from the intercept and slope of log
g. vs. LogC, plot.

The Dubinin—Radushkevich isotherm model
does not assumes a homogenous surface or
constant sorption potential as other models. It can
be noted that the (D-R) isotherm is more general
that the Langmuir fit. The D-R isotherm has been
written by the following equations

Ing.=Ing,,-Be*
e=RTIn(1+1/C,)

(15)
(16)

where B is a constant related to the adsorption
energy (mol/J) and g, is the theoretical adsorption
capacity (mg/g), ¢ is the Polanyi potential, that can
be obtained respectively (B and g,,) from the slope
and intercept of Ing, vs. &

Adsorption capacity increases with
concentration for all considered clays (Fig. 8-a),
showing that the considered clays (raw IMCM, Na-
IMCM and FNa-IMCM) are able to retain high
quantities of dye and can be used when highly
polluted waters should be treated.

In order to know the adsorption mechanism of NR
(anionic dye) onto clays, the adsorption capacity (g.)
and adsorption efficiency (R (%)) of MB (cationic
dye) at the equilibrium onto raw MMT versus initial
MB concentration was plotted (Fig. 9-a). It was
found strong adsorption efficiency (99%) at low MB
concentrations. It was unchanged when MB
concentration was in the range of 10-500 mg/L. In
this range the adsorption capacity (g,.) increased with
increasing initial dye concentration. However, this
efficiency decreased by increasing in initial dye
concentration beyond 500 mg/L and the adsorption
capacity (g.) was unchanged. This fact could be
explained by the saturation of adsorption sites at the
surface of clay. ®®
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Fig. 10 — Equilibrium isotherms for adsorption of MB onto inorganic clay materials.

The adsorption isotherms of MB dye (Fig. 10)
are of the type H. ® Generally, Isotherms types H
are the result of the dominance of strong
adsorbate—adsorbent interactions.

A chemical adsorption of positively charged
functional groups of MB on the negatively charged
surface groups of the clay material is proposed.
The best fit of experimental data in the case of MB
was obtained with the Langmuir model (Table 4).

This result suggests that the adsorption process
of MB (cationic dye) by the inorganic clay material
was monolayer adsorption and the maximum
monolayer adsorption capacities were found to be
315.45 mg/g (1.1 mmol/g) for Raw IMCM. For
modified forms; 420.16 mg/g (1.47 mmol/g) for
Na- IMCM and 432.90 mg/g (1.52 mmol/g) for
FNa- IMCM.

However, in the case of the anionic textile dye
(NR) (Fig. 9b), it was observed that the adsorption
efficiency and adsorption capacity were increased
when the initial concentration of NR was increased
in the range (50-120 mg/L). However, the
adsorption capacity is improved when the initial
dye concentration is important beyond 120 mg/L
until 250 mg/L and the adsorption efficiency was
unchanged. When initial dye concentration was
increased beyond 250 mg/L, the efficiency was
decreased and the adsorption capacity (g.) was
unchanged. This fact could be explained by the
saturation of adsorption sites at the surface of clay.

The adsorption isotherm forms of NR dye are
type S (not shown). The S-curve is generally result

of cooperative adsorption with solute molecules
tending to be adsorbed packed in rows or
clusters.®® A type S isotherm appears when the
binding energy of the first layer is lower than the
binding energy between water molecules.

According to the obtained results (Fig. 8-b and
Table 5), the best fit of experimental data for NR
dye was obtained by the Dubinin—Radushkevich
isotherm model (high R® value compared to
Langmuir and Freundlich isotherms models) with
maximum adsorption capacities of 62.05 mg/g
(0.11 mmol/g), 170.11 mg/g (0.3 mmol/g) and
201mg/g (0.35 mmol/g) for raw IMCM, Na-IMCM
and FNa-IMCM, respectively.

Low adsorption affinity of anionic dye (NR)
with inorganic clay materials compared to that of
cationic dye (MB) is observed because (NR) dye
molecule has the same negative charge as the clay
surface. A physosorption assured by Vander Waals
interactions is suggested.

Elmoubarki et al.*’ are among many researchers
that investigated the adsorption of textile dyes onto
Moroccan clay materials. The experimental results
show that, the adsorption capacity of cationic dyes
(methylene blue MB and malachite green MQ)
was found to be higher than anionic dye (methyl
orange) and the adsorption isotherm could be well
fitted by Langmuir equation in the case of cationic
dyes and Dubinin—Radushkevich equation in the
case of anionic dye.
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Table 4
Models isotherm constants for the MB dye adsorption onto inorganic clay materials
Langmuir Freundlich Dubinin—Radushkevich
m K R K n R i B '10-,8 R
(mg/g) (mg/g) (mol/j)
Raw ICM 31545 035 | 0.997 | 201.83 | 10.98 0.800 401.30 1.71 0.749
Na-ICM 420.16 1.80 | 0.999 | 279.89 | 9.70 0.849 397.65 1.33 0.823
FNa-ICM 432.90 0.66 | 0998 | 325.83 | 15.38 0.957 368.21 1.62 0.525
Table 5
Models isotherm constants for the NR dye adsorption onto inorganic clay materials
Langmuir Freundlich Dubinin—Radushkevich
dm(mg/g) | K R? K¢ N R? o BAY e
(mg/g) | *(molfj)
Raw ICM 116.41 0.0042 | 0.560 6.25 1144 | 0.816 62.05 4.35 0.962
Na-ICM 806.45 0.0018 0.524 10.96 123.4 0.804 170 .11 4.23 0.952
FNa-ICM 242.13 0.019 0.530 4.73 66.66 | 0.970 201.17 1.17 0.975

2.4. Dose of Adsorbent and Salinity Effects

In Figure 11 was noticed that an increase in
removal efficiency of the NR dye occurred when
the adsorbent dosage was increased from 1 to 2
g/L. This increase in the removal efficiency of the
dye is due to the formation of a large number of
active adsorption sites as the amount of adsorbent
increased.®®

On the other hand, the decrease in the removal
efficiency at doses more than 2 g/ can be

60

40 4

20

Removal percentage (%)

explained by the reduction of the active adsorption
sites due to the partial aggregation of adsorbent
particles at higher adsorbent doses.”

Ionic strength is an important parameter to be
investigated in adsorption experiments because it is
well known that industrial wastewaters always
have pollutants such as inorganic salts.”” An
increase in the ionic strength (for all used salts) of
the medium increased the adsorbed amount of dye
on the raw clay (Fig. 12).

2 4

Adsorbent dose (g/L)

Fig. 11 — Effect of adsorbent (raw IMCM) dose on adsorption of NR dye.
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Fig. 12 — The effect of ionic strength to the adsorption uptake of NR on raw IMCM.

It is known that in a clay suspension, the
particles are suspended in pure water and do not
agglomerate, due to the interaction of the diffuse
double layers. In the presence of an electrolyte
(salt) the particles may approach each other so
closely that they aggregate. The addition of the
electrolyte led to an increase of the mean aggregate
radius. "

Luckham and Cione showed that a small
addition of Na concentration led to the formation
of edge-to-edge type aggregates, whereas a more
concentrated solution resulted in the formation of
very compact irregular aggregates having a
multilayer structure of the face-to-face type. This
results is supported by a study realised by’ to
assess the removal of Congo Red, an acid dye
using raw Dbentonite and surfactant-modified
bentonite indicated that the adsorption of Congo
Red, onto the negatively charged bentonite and

72, 73

was enhanced by adding the salts (NaCl, KCI,
CaClz).

2.5. Comparison of Present Study
with Previous Studies

Various adsorbents for RN dye have been
reported and listed in Table 6 for comparison with
the inorganic clay materials (our study). The
modified inorganic clay materials have adsorption
capacities more than the adsorbents mentioned in
the previous studies.

This study showed that the inorganic clay
materials (raw IMCM, Na-IMCM and FNa-
IMCM) are able to retain high quantities of dye
and can be used when highly polluted waters
should be treated. In the next study, the FNa-
IMCM sample will also be modified using
surfactant agent to investigate its adsorption

2. . . capacity.
positively charged of surfactant-modified bentonite pactty
Table 6
The adsorption capacities of various reported adsorbents for Nylosan Red dye
Adsorbents Quax (mg/g) | References
Cynara cardunculus (CARD) and Eucalyptus globulus (EUCA) 83.33 [19]
83.33 [19]
Prunus cerasifera (PRUN) 76.92 [19]
activated carbon (CGAC120) 116 [35]
HS 25.18 [75]
Raw inorganic clay material 62 This study
Sodic inorganic clay material (Na-IMCM) 170 This study
Fractionated sodic clay material (FNa-IMCM) 201 This study
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CONCLUSIONS

This study shows that the inorganic montmorillo-
nitic clay material (IMCM) in raw or modified
forms (Na-IMCM and FNa-IMCM) can efficiently
remove anionic textile dye (Nylosan Red) from
aqueous solution. The adsorption was dependent
on the pH of the aqueous solution, with a high
uptake of NR dye at low pH. The adsorption was
rapid and could be considered to fit pseudo-second
order kinetics model. The equilibrium uptake was
increased with increasing the initial concentration
of dye in solution. The adsorption isotherm could
be well fitted by Dubinin—Radushkevich model.
The modification of raw montmorillonitic clay
material improves its adsorption capacity. It is
increased from 62.05 mg/g for raw material to
170.11 and 201.17 mg/g for sodic and fractionated
sodic material, respectively. In the next study,
another modification using a surfactant will be
realized on FNa-IMCM sample to prepare the
organic clay material to further improve its
adsorption capacity.
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