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ABSTRACT

A series of novel resistant granular sorbents based on iron granular surfactant modified pillared mont-
morillonite and gluten as binder noted (Fe-GSMPM) are prepared and used in adsorption towards
hydrosoluble micropollutants. The batch sorption of Malachite Green (MG) and/or Rhodamine B
(RB) both on single and binary component systems from aqueous solutions was investigated. In all
used component systems, sorption capacities were depending both on the pH and the granule size.
In single component systems, results showed that sorption on Fe-GSMPM are very effective and
more quickly with MG than RB with obtained amounts reached more than 9 and 6 mg/g at pH =6
and strongly decreased more than 3 mg/g for both solutes at pH = 3, respectively. In binary com-
ponent systems at different weight ratios r (MG/RB = 1/9, 1/3, 1, 3 and 9) and at pH 6, the sorption
capacities decreased significantly with values lower than those obtained in single-component sys-
tems. Isotherms were best described using the Freundlich model in single component systems with
R?reach 0.9. In binary mixture systems, results indicate that the Sheindorf-Rebhun-Sheintuch (SRS)
model provides the best correlation of the experimental data by the higher competition coefficients,

which increase with decreasing weight MG/RB ratio.
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1. Introduction

Water pollution by organic compounds such as tex-
tile dyes, even in trace amounts, is a major environmental
problem because of their toxicity, the complexity of their
chemical structures and especially their low biodegrad-
ability. Textile effluents contain both Malachite Green (MG)
and Rhodamine B (RB) presents effect on the human health and
environment [1]. Their concentrations in the effluents should
be controlled in order to respect environment norms and
legislation on water quality which become more stringent
actually. That is why this kind of pollution is now a source
of an environmental degradation and causes currently a
worldwide interest [1-5]. On the other hand, the technolog-
ical and industrial development has caused major changes
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in the various physico-chemical methods of decontamina-
tion of polluted waters [6-9].

The wastewaters rich in dangerous pollutants such as
dyes, paint, detergents that cannot be removed by conven-
tional treatment systems are generally generated by various
industries.

Among these methods, adsorption on porous materials
such as activated carbons AC remains the most commonly
used. Sorption on natural clays, which represents an effi-
cient and cheaper separation method, has been developed
to study the interaction mechanisms of pollutants by ben-
tonites due to their both low permeability and interesting
rheological properties [10-16].

In the past, several research papers were dedicated to
synthesis a new generation of organophilic material adsor-
bent powders based on clays. Various synthetized inorga-
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no-organo clays complexes (named also surfactant modified
pillared clays) proved their high sorption efficiencies espe-
cially in single component systems towards several organic
compounds in polluted water.

Despite the high performance of the clays materials
in batch adsorption systems, their use in dynamic sys-
tems presents several disadvantages associated to the size
of their particles that are often very small (dp < 50 um).
Furthermore, these finely divided materials are also con-
fronted to the difficult solid liquid separation against the
treated water [17-23]. Few years ago, many researchers
have demonstrated that modified powdered clays could be
shaped as gel-like beads by encapsulation [24] or as gran-
ules by wet granulation [5].

The idea of turning the powder into pellets or gran-
ules fits into the new water treatment philosophy because
of problems caused by colloidal montmorillonite which,
despite its cation exchange capacity and high specific sur-
face area cannot be used in dynamic mode [25].

Some previous works [5,25] have shown that agglom-
eration of some inorgano-organo pillared clays powder by
wet granulation could increase their mechanical properties
(bulk density, porosity, hardness, compressibility) and thus
enhance the field of applications of the resulting solids in
water treatment.

In this way, three different techniques may be used for
the preparation of the mixture before the compressing step:
direct compression, dry granulation or wet granulation.
Direct compaction method is ideal for powders which may
be mixed well and does not require further granulation step
prior introduction into the tablet press [26-30].

Based on the same approach, this study is conducted to
shape a powder mixtures containing iron surfactant modi-
fied pillared montmorillonite noted (Fe-SMPM) and gluten
(viscoelastic binder obtained by leaching a wheat dough)
using dry granulation by compaction in order to obtain the
granular sorbents noted (Fe-GSMPM).

The granulation method allows both the structure of
solid fine powders in agglomerated particles of almost
specific shapes, and ameliorates the physical properties in
terms of density, porosity, hardness, compressibility, and
thus facilitates their use in the field of water treatment
by adsorption in dynamic mode [31-39]. Furthermore, it
avoids the production of undesirable non-pulp and which
may form for injection in the case of a wet granulation
between gluten and water.

In order to understand the behavior of these new gen-
erations of granules sorbents based on compression-granu-
lated iron bridged montmorillonite using gluten as a novel
inert binder, we investigated the sorption of MG and RB in
both single and binary-component systems from aqueous
solutions. All kinetic and sorption isotherms were studied at
various pH, granules size and MG/RB weight ratio values.

The novelty of this study is in the aggregation of the
modified clay particles by gluten as an inert binder in order
to prepare resistant and uniform Fe-GSMPM grains using
the compaction granulation method. This new generation
of Fe-GSMPM grains could be used in the packing of col-
umn beds to be used in the dynamic adsorption of organic
and/or inorganic pollutants.

In fact, this type of granules provides a texture and
rigidity in favor of the investigation on dynamic adsorption

contrary to the powder materials that block the liquid flow
by clogging phenomenon, hence industrial interest.

2. Experimental
2.1. Solid sorbent powders

Obtained Na-montmorillonite noted Na-Mt used as
starting material was prepared by purification of crude ben-
tonite (Roussel site in Maghnia- west of Algeria). Its char-
acteristics and its purification mode were according to the
protocol described in some works earlier [40,41].

The intercalation of Na-Mt by the iron pillaring solu-
tion was obtained with the optimal following parameters
according to the method described previously by [41-43]:

Final concentration of iron [Fe], = 0.2 M, Molar ratio
OH/Fe =2, Fe/Na-Mt = 5 mmol/g.

Fe-SMPM was synthesized as follow according to the
methods described in some works previously [40,42] and
given as follows.

A cetyl trimethyl ammonium bromide noted CTAB
(Biochem chemopharma, purity > 99%) was used without
further purification in deionized water to prepare an aque-
ous solution at 0.2% (w/w).

In order to increase the hydrophobicity of the final sor-
bent Fe-SMPM, a suspension of iron pillared montmoril-
lonite (0.5%) was treated with CTAB 2 g/L (0.5%, w/w)
at room temperature of 20 + 2°C. The final obtained solid,
named Fe-SMPM, was separated by vacuum filtration,
washed several times by deionized water, dried at 40°C for
at least 48 h and finally ground (<50 pm) and protected
from light.

The granulation of Fe-SMPM powder (the size is less
than 50 pym) is realized by mixing with gluten as a binder to
obtain resistant, strength and consistency granules desig-
nated by Fe-GSMPM.

The gluten used is extracted from wheat by continu-
ous treatment with a concentrated solution of NaCl (25
g/L). This chemical treatment is continued until the lig-
uid becomes transparent. Gluten obtained by drying at
room temperature (20 + 2°C) for a period of 48 h is stored
in a dark bottle before use in compaction granulation
process.

2.1.1. Granulation procedure

All steps of modified clay granulations are presented
in Fig. 1. An initial mass of 12 g of Fe-SMPM was firstly
mixed with 8 g of gluten powder at desired weight ratio
(6/4; w/w), because a mechanical resistance of Fe-SMPM
granules increased with binder concentration and a maxi-
mum was attained for 40%, such as (6/4, w/w).

All obtained mixtures were homogenized using
mechanical shaker and then compressed to form dense,
compact disks, ranging in size from between few millime-
ters and several centimeters [14].

The granulation process is done by controlling the spit-
ting mixture, as it passes through two rotating wheels in the
opposite direction at 2.5 rpm speed for 24 s.

The sharing of gluten particles to those of Fe-SMPM
fine powder allows coalescence between the various parti-
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cles through nucleation such as proposed by some authors
previously [2,4].

The protocol of the granules formation is summary in
Fig. 1.

2.1.2. Characterization of sorbents

A granulometric analysis is realized by a granulometer
(VEB Metallwaber Meustadl/Betrieb des VEB kombinat
NAGEMA) equipped with several sieves diameters rang-
ing from 20 p to several mm.

The disintegration tests were carried out at room tem-
perature (25 + 2°C), stirrer speed of 200 rpm and during
24 h in a mechanical shaker containing 200 mL of deion-
ized water. Each sample of six granules was immerged in
a shaker to undergo disintegration by the end of the test
indicates the solids to be resistant.

The friability tests were performed using a friabilator
apparatus (VWR, model VMS-AS40).

A sample of twenty granules was initially weighted (1n1,)
and run into a drum operating at a stirring speed of 25 rpm
for a period of 10 min.

Obtained granules were weighted (1,) and friability (%)
was calculated according to Eq. (1).

(m=m) 100 (1)

o, —
F)=
where m, represent the initial weight, and m, the weight
after friability.

The zetametry is a method to predict the reactivity of solid
supports and their electrophoretic mobility at various pH.

The principle of zetametry is to cause the movement of
the particles in suspension under the action of an electric
field. The electronic potentials of studied various suspen-
sions were measured using a zetaphoremeter IV model
74000 (CAD Instruments).

The determination of the surface charge of Fe-GSMPM
sorbents allows predicting the different interactions
between adsorbent surface sites and adsorbate molecules.

Mixing of powder and binder

e Mixing time: 1 min
e Gluten proportion : 40%

Caracterization of granules

e Size distribution
e Disintegration test
e Friability test

—>| :

< :

pH,_is the point of zero charge of the surface, the
charge of adsorbent surface is positive at a solution pH
lower than pH_ and is negative at a solution pH higher
thanpH_ .

The crystalline structure of samples was determined
by X-ray diffraction (XRD) recorded on a Siemens D-5000
X-ray powder diffractometer (Cu Ko radiation, k = 1.5418
A). Specific Surface Area (SSA) values were calculated from
the BET isotherm plots. FT-IR spectroscopy (using a Perkin
Elmer FT 310 FTIR spectrometer) was performed to identify
the chemical functional groups present in the samples. The
substance was finely ground and dispersed into KBr pow-
der-pressed pellets. IR Transmittance data were obtained
over a range of wavenumbers from 4000 to 400 cm™. Solid
morphology of granules was determined by scanning
electron microscopy (Philips XL30 with EDS, and EPMA
CAMECASX 100).

2.2. Adsorption procedure
2.2.1. Sorbate solutions

All used chemicals were of analytical grade and used
without any pretreatment or purification.

Stock solutions of 1 g/L of both Malachite Green (Fluka,
purity: 99%) and Rhodamine B (BDH chemicals Ltd, purity:
99%) were prepared by dissolving the appropriate amount
of each product in deionized water (resistivity > 18 MQ-cm;
dissolved organic carbon less than 0.2 mg/L) at room tem-
perature (20 + 2°C).

The main physicochemical characteristics of the two
used dyes are listed in Table 1.

Working dyes solutions (stock and diluted solutions of
10 mg/L of MG and RB) were then kept in brown flasks at
room temperature in the dark to prevent any possible dye
photodegradation.

The choice was done for the single and binary systems,
and this so that we can compare with dynamic sorption,
because at higher concentrations it cannot illustrate pierces
curve.

Compaction granulation

Powder weight : 20 g
Contact Time : 24 seconds
e Rotation speed : 2.5 rpm

Dryingstep

drying Time : 10 hours
Temperature : 40°C

Fig. 1. Steps of preparation of Fe-GSMPM by compaction granulation.
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Table 1

Physicochemical characteristic of the used dyes
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Dyes

Chemical formula
N°CAS

C,H,.CIN,

237725

18015-76-4

0
o
ﬁ OH
0
2

C,.H, CIN,0,

28" 731

81-88-9

Mw (g/mol) 364.91 + 0.023
pKa 10

Solubility (g/L) at 20°C in water -

A (nm) 616

‘max

479.01 + 0.028
442

50

553

The appropriate wavelengths of MG and RB were
obtained by scanning each dye solution from 200 to 800 nm
using the Spectrophotometer model Shimadzu 170 UV/
visible.

2.2.2. Sorption kinetics

Kinetic studies in batch systems of MG and/or RB were
studied both in single and binary systems in order to inves-
tigate the mechanism of adsorption as a function of contact
time and to determine the required time to get equilibrium.

Experiments were conducted at room temperature 20 +
2°C and at pH 6 in a series of 40 identical brown flasks by
shaking 0.1 g of Fe-GSMPM granules (800 < @ <1200 pm)
with 100 mL of the dye solution (100 mg/L) at a constant
speed of 200 rpm on a horizontal mechanical shaker (Ika-
labortechnik model KS 501).

In order to optimize the contact time, a 100 mL was sam-
pled in a separated flask at a chosen time from 0 to 1200
min and then filtered through 0.45 um Sartorius cellulose
nitrate filter.

The final concentrations of MG and/or RB in superna-
tants were determined using 1 cm quartz cell with a UV-vis-
ible spectrophotometer at the appropriate wavelength A__
values of 617 and/or 553 nm for MG and RB, respectively.

These analyzes are carried out 3 times in order to take a
representative average in order to ensure the reproducibil-
ity of the results.

X

2.2.3. Sorption isotherms in single component systems

Similar conditions were conducted to study the uptake
of MG and/or RB molecules onto Fe-GSMPM.

According to some previous studies on the adsorp-
tion of dyes on modified clays [5,42], the pH of all aqueous
suspensions was chosen as selective parameter for further
experiments and maintained at pH 6 by adding few drops
of NaOH or HCI (0.01 N).

Isotherms studies were conducted by shaking different
quantities of granular sorbent Fe-GSMPM (varying from 10

to 100 mg) with100 mL of dye solution (10 mg/L) at room
temperature (20 + 2°C) and at 200 rpm on a horizontal
mechanical shaker (Ikalabortechnik model KS 501).

After an equilibrium time of 24 h, the content of each
flask was then filtered through 0.45 pum Sartorius mem-
brane filter, and the concentrations in all supernatants were
then determined spectrophotometrically at appropriate
wavelengths of MG and/or RB.

Experiments were duplicated, with blanks (constituted
without Fe-GSMPM and/or without dye) and were con-
ducted simultaneously at similar conditions to account for
experimental conditions.

The sorption data were fitted using the Freundlich equa-
tion, which is the approximate global form of the Langmuir
local sorption isotherm.

In accordance with previous results [5], isotherms data
were analyzed by using the Freundlich equation:

q. =K;C; )

where g, (mg/g) is the amount of sorbed compound, C,
(mg/L) the equilibrium concentration, K, (mg *-/" L""/g)
the affinity coefficient related to the sorptive capacity, and
n an estimated sorptive intensity or surface heterogeneity
parameter.

The unknown constants in this model equation are
obtained using nonlinear least-squares data processing by
the Origin 8.0 software at the 95% confidence level.

2.2.4. Sorption isotherms in binary component systems

In binary mixture systems, similar experiments were
conducted to study the uptake of MG and/or RB molecules
onto Fe-GSMPM.

Isotherms of each solute were derived by shaking dif-
ferent quantities of Fe-GSMPM (varying from 10 to 100 mg)
with 100 mL of solution containing MG and/or RB.

For the sorption selectivity studies, experiments were
performed at different (MG/RB) weight ratios (1/9,1/3, 1,
3 and 9) and only at pH 6. Since the main objective herein is
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to examine the mutual influence of MG and RB, the initial
concentration of MG in all mixtures was set at 10 mg/L.

Each experiment was duplicated, with blanks consti-
tuted without sorbent and /or without sorbate.

Supernatants from the (MG/RB) solutions were
obtained by the same conditions as described above.

In binary component systems, interferences and com-
petitions phenomena will take place between the molecules
of GM and RB towards the adsorbent surface sites. That is
why; we have applied both the correction for the spectro-
photometric determination of residual concentrations by
using Eq. (3) and the Sheindorf-Rebhun-Sheintuch (SRS)
model [42], whose equations are the following:

C. .= KRBZdyl - KRB1d~,2
e KMGIKRBZ - KMGZKRBl

®3)
C.. = KMGldyz_KMGZdyl
RB

KMGIKRBZ - KMGZKRBI

where (C,,, C.,); (K, 01 Ky Kgrr Kio)s (@A, dA) are respec-
tively the concentration of MG and RB, the calibration
constants for the dyes at their characteristic adsorption
wavelengths, and the optical densities at the two wave-
lengths A, and A,.

npye—1
Qe = KyeCepe (CeMG + ulzceRB)

4)

ngpp—1
Qe = KgpCepyg (CeRB + ‘121C5MG) ’

where a,, and a,, are the competition coefficients (interac-
tion parameters) of MG vs. RB and RB vs. MG, respectively;
Ko Kgp 11y and n,,, are Freundlich equation constants [see
Eq. (4)] obtained from the respective single-component iso-
therms.

Competition coefficients a,, and a,, were determined by
running the STATISTICA software with iterative method:
Simplex-Newton, with the additional constraint of respect-
ing:a,xa, =1[44].

The coefficient formula RMSE (Root Mean Square Error)
was used to evaluate all these results with Eq. (5).

1
RMSE = \/ﬁ zzlil [cheoricul - Qexperimenml ]2 (5)

where Q, . is the sorption quantities calculated with Eq.
(4)and Q, .1y 1S the sorption quantities experimental.

3. Results and discussion
3.1. Characterization of prepared granules
3.1.1. Granulometric analysis

According to Fig. 2, the particle size analysis of the pre-
pared Fe-GSMPM sorbents seems to be mixtures of two
different classes. The first one between 800 and 1200 pm
represents the majority of the granules with a percentage
of 80%. The second class of about 20% represents granules
which size less than 500 pm.

Percentage (%)

0-50

50-250 250-500 500-800 800-1200
Granules sizes (um)

Fig. 2. Granulometric size of Fe-GSMPM sorbents.

Table 2
Physical properties of the used sorbent

Powder Fe-SMPM Modal Diameter (mm) 0.13
Median Diameter d , (mm) 0.047
Volumetric weight (g/cm?®)  2.11
Porosity (%) -
Potentiel Zeta (mV) +22.29
pH,,. 442

Granular Fe-GSMPM  Modal Diameter (mm) 11

Median Diameter d , (mm) 0.9
Volumetric weight (g/cm?®  1.18

Porosity (%) 0.56
Potentiel Zeta (mV) +21.53
pH 4.49

pzc

In a recent study on the use of silicone as a binder in wet
granulation, Cheknane et al. [5] obtained granules with size
ranging between 300 and 1200 pm which are close to those
obtained in the present study. For various subsequent adsorp-
tion tests, we select the following size fraction [800-1200 pm].

3.1.2. Physical properties

The efficiency of the Fe-GSMPM adsorbent grains depends
both on the available specific surface area and on their sizes.
Indeed, the adsorption increases as the size decreases. The cor-
responding physical properties as well as the size distribution
of the studied grains are presented in Table 2.

The distribution of the size of the prepared Fe-SMPM
grains as well as their densities clearly indicate that the
modal diameter values of all the Fe-GSMPM samples stud-
ied are close to 1.1 mm.

3.1.3. Friability index and disintegration test

In order to investigate the consistent and the resistant of
prepared Fe-GSMPM, friability and disintegration test has
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been used to optimize the percentage of necessary amount
of gluten in different prepared mixtures.

As shown clearly in Fig. 3 and Table 3, the mechanical
resistance and resistant the Fe-GSMPM granules increased
with gluten concentration.

The formation and cohesion of these granules takes
place only in mixtures containing more than 40 % of glu-
ten, which is also confirmed by their high stability and
resistance (see Table 3). These results are in good agreement
with some other previously studies [5,25] on the use of sili-
cone in wet granulation. These authors showed that 40% of
silicone was required in the formulation of the final granu-
lar sorbents.

3.1.4. Physico-chemical characterization of the adsorbents

Table 2 presents the zeta potential and the pH__values
of all prepared sorbents.

The determination of the surface charge of Fe-GSMPM
sorbents allows predicting the different phenomena of sor-
bate-sorbent interactions. The zeta potential for the gran-
ules changed to positive values to reach 22 mV.

The charge of adsorbent surface is positive at a solu-
tion pH lower than that corresponding to the point of zero
charge (pH, ) of the surface and is negative at a solution pH

10+

Friability Index (%)

Percentage of Binder (%)

Fig. 3. Friability index of Fe-GSMPM with gluten percentage.

Table 3
Disintegration test of the prepared Fe-GSMPM

Percentage of  Results of Cheknane results [5]

gluten (%) disintegration tests

10 Disintegration Disintegration

20 Disintegration Disintegration

30 Disintegration Disintegration

40 No Disintegration =~ No Disintegration
50 No Disintegration ~ No Disintegration
60 No Disintegration =~ No Disintegration
70 No Disintegration ~ No Disintegration
80 No Disintegration ~ No Disintegration

higher than pH . The value found of pH_, was 4.4 for the
granules adsorbent .

From XRD patterns (Fig. 4a), interlamellar spacing
(d001) increased from 9.6 A to up to 18 A after intercala-
tion of the montmorillonite by the pillaring solution and
the presence of cetyl trimethyl ammonium and gluten in the
pillared clay was confirmed by characteristic bands in the

10000
L 000~
&
2000+
0000
000~
@0
W0
2000+
1000~
'  SARAEARAS  AREASARAS AR ¥
2Theta (Coupled TwoTheta/Theta) WL=1 540680
(a) XRD patterns of the prepared adsorbents
£
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm!

(b) FTIR spectrum of the studied materials.

18Ky JgEE 12 49 SEI

(c) SEM images.

Fig. 4. Characterization of Fe-GSMPM adsorbent: (a) XRD pat-
terns of the prepared adsorbents, (b) FTIR spectrum of the stud-
ied materials, (c) SEM images.
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FTIR spectra (Fig. 4b). The cetyl trimethyl ammonium chain
seems to be filled completely the micropores, decreased the
Specific Surface Area but increased the hydrophobic char-
acter (see Table 4). XRD patterns and FTIR spectra showed
that the Fe-GSMPM used in this study were well-defined
mineral phases.

The morphological characterizations of adsorbents
were scanned by SEM and images were presented in
(Fig. 4c). The granular surfactant iron pillared montmo-
rillonite were bonded with massive binder fibers in these
granular adsorbents which may generate more chan-
nels and pores in adsorbents. The result of SEM analysis
showed that the gluten was uniformly distributed on the
granules adsorbents.

3.2. Adsorption studies
3.2.1. Single component systems
3.2.1.1. Kinetic studies

The sorption kinetics of MG and RB at initial concentra-
tion of 10 mg/L is shown in Fig. 5. A curves q = f (1) giving
the variation of the adsorption capacity of MG and/or RB
vs. time.

According to these curves, adsorption occurs in two
distinct phases: an initial rapid phase took about 1 h in
which the sorption capacity increases to around (80% for
MG and 55% for RB) at equilibrium. This phase is followed
by another one in which the solute adsorption rate becomes

and the correlation coefficients (R?) values are summarized
in Table 5. Obtained results showed that the pseudo-first
order model (R*>= 0.96) gave the best correlation than the
second one (R?= 0.63).

10
... 90 © e L4
8 [ ]
5 -AAAAAAA A Ao A A
g
g 4 A RB
e MG
fffff First-order model
2 pH=6, C=10mg/L
0 T T T T T T
300 600 900 1200
Time(min)

Fig. 5. Pseudo-first-order plot for the adsorption of MG and RB
onto Fe-SMPMG.

Table 5
Pseudo-first-order parameters

progressively slower and the pseudo-equilibrium state was k, (min™) S
reached at about (94% and 64% for MG and RB, respec- MG alone 0.097 + 0.0055 0.96
tively).
=9 0.069 = 0.0050 0.88
As shown in comparative study (Fig. 5.), MG molecules i _3 0.206 + 0.0392 0.69
were adsorbed faster and well than RB molecules due to r= m e ’
differences in molecular structure, solubility and the func- r=1 0.092 = 0.0130 0.90
tional groups. r=1/3 0.004 = 0.0015 0.88
Indeed, an RB molecule whose molecular weight is r=1/9 0.036 + 0.0140 0.40
higher than that of MG seems to diffuse slowly into the sor- RB alone 0107 = 0.0064 099
bent. This assumption is in perfect agreement with some
previously studies [25,41,44]. r=9 0.056 + 0.0078 0.87
In order to investigate the mechanism of MG and/or RB r=3 0.042 + 0.0030 0.96
adsorption on Fe-GSMPM samples, several kinetic models r=1 0.032 + 0.0060 0.82
were applied to the experimental data. The pseudo-first- r=1/3 0.001 + 0.0003 0.96
and pseudo-second-order models were used to specify the r=1/9 0.004 = 0.0004 097
adsorption mechanism. The corresponding constant rates k,
Table 4
Characterization of the used pillared montmorillonite
Sample d,, (A SSA (m?/g) pHpzc CEC (meq/100 g) References
Raw bentonite 14 54 65 Bouras et al. [40]
Na-Mt 15 (9.6 at 200°C) 91 2.60 78 Bouras et al. [40]
Fe-PIM 22 165 410 12 Bouras et al. [40]
Fe-SMPM 19.8 14 442 7 (This study)
Fe-GSMPM 19.8 14 449 7 (This study)
Gluten 17.2 - 6.90 - (This study)
GIOCs 18.4 - 5.30 - Cheknane et al. [34]

*After thermal treatment; PIM: pillared montmorillonite, Fe-SMPM: iron powder surfactant modified pillared montmorillonite,
Fe-GSMPM: iron granular surfactant modified pillared montmorillonite, GOICs: Granular Pillared Organic Inorganic Clays prepared

by Cheknane et al. [34].
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3.2.1.2. Adsorption isotherms

Adsorption isotherms of MG and RB presented in Fig. 6
were study in pH 6 with initial concentrations of 10 mg/L
and a contact time of 24 h.

In general and according the adsorption capacities (see
Fig. 6) our prepared adsorbent Fe-GSMPM a high selec-
tivity to MG compared to the RB molecules. Results show
clearly that the equilibrium isotherms of the two used
dyes onto Fe-GSMPM granules are in close agreement
with Freundlich’s equation, as the correlation coefficient
(R?) values reached 0.9. The isotherm constants were cal-
culated using non-linear regression and their correspond-
ing values are listed in Table 6.

The parameter values of the Freundlich isotherm are
greater than unity, indicating that in single-component sys-
tems, the MG and RB molecules are preferentially sorbed
on the Fe-GSMPM granules through relatively weak bonds
between sorbate molecules and surface sites of the sorbent.
This indicates that the sorption mechanism appears to be
mainly physical [24-25,43].

3.2.2. Sorption in binary component systems
3.2.2.1. Kinetic studies

Competitive adsorption of MG and RB in binary sys-
tems on Fe-GSMPM differed from that in single component
systems. Indeed, in simultaneous adsorption, interferences
and competition phenomena for sorption sites could be
occurred. The corresponding results presented in Fig. 7
are compared with those obtained in single component
systems.

80+
S
60
’
— o
§4o- o
£ o
= /
.’/. ‘: H=6, C=10mg/L
201 Y
) ® MG
’./. /,AA‘AA ------ Freundlich model
op — A T ! !
0 2 4 6 8 10

C(mglL)
Fig. 6. Sorption isotherms in single component systems fitting

with the Freundlich model.

Table 6
Sorption isotherm constants for dyes sorption on granules

Freundlich model

K, N R?
MG pH6 8.64 + 0.57 155+0.056 099
RB pH6 01540038  265=0132 099

Once equilibrium was reached, the adsorption capacity
was of around 8 mg/g (86%) and 6 mg/g (64%), respec-
tively for MG and RB.

The amount has remained unchanged in comparison
with that obtained in single component systems. However,
the adsorption capacities of MG were strongly influenced
by the presence of RB by reducing their adsorption capaci-
ties. Thus, an increase in the concentration of RB in the mix-
ture leads to a decrease of the adsorption of MG.

For all the used weight ratios (r = MG/RB), obtained
values suggest that there is a competition between the
MG and RB species towards the same adsorption sites
of Fe-GSMPM sorbent. Indeed, the sorption capacities of
MG were reduced from 9.4 mg/g (in a single-component
system) to 8.6 mg/g (in mixture system), In contrast, the
sorption capacities of RB seems to be not influenced by
the presence of for MG since the value remains constant
around 6.4 mg/g both in single and in mixture component
systems.

3.2.2.2. Isotherms studies

To gain further understanding on the adsorption of MG
in the presence of RB, the adsorption experiments were con-
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Fig. 7. Kinetic sorption at different weight ratios of MG (a) and
RB (b) onto Fe-SMPMG.
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ducted at pH 6 and five weight ratios (r = MG/RB: 1/9,
1/3,1, 3,9 w/w) and were compared with those obtained
in single-component systems.

Based on the curves showed in Fig. 8, the removal effi-
ciency values of MG were around 42%, 45%, 79%, 86%, and
91% while the corresponding values of RB were 33%, 47%,
64%, 68%, and 87% when 1/9,1/3,1, 3, and 9, were used as
weight ratios, respectively.

The simultaneous adsorption of MG and RB has been
fitted by the extended Freundlich model established by
Sheindorf et al. [39]. This model, simple and efficient is par-
ticularly suitable for binary mixtures that are used in this
study.

The competition coefficients a,, and a,, values (see sec-
tion 2.2.4) at different weight ratios r = MG/RB are listed in
Table 7. These coefficients were estimated from the model-
ing results using the method of non-linear regression.

In the studied range of MG/RB weight ratio r, an antag-
onistic effect between MG and RB molecules is clearly
appeared since a,, values increased and 4,, decreased when
r decreased.
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Fig. 8. Adsorption isotherms in mixture systems at pH = 6 and

different weight ratios r = MG/RB.

Table 7
Parameters (SRS) model on the ration weight r on granules

r = MG/RB a, RMSE  a, RMSE
r=9 0.67 40.58 149 8.01
r=3 1.24 49.67 0.81 0.99
r=1 156 10533 064 2358
r=1/3 2.44 26851 041 14.01
r=1/9 6.58 65152 015 6.17

The competition coefficients a,, and a,, were determined by
running the STATISTICA software with respect the condition
A%y =1

1 2
RMSE = \/N Zil [chgorique - Qexperimentul :|

3.3. Sorption mechanism
3.3.1. Effect of granule size

All obtained results both in single component and
in binary systems (Fig. 9a) were shown that the sorption
capacities strongly depend on the size of the prepared
Fe-GSMPM. They show in particular that the granulation
process affects both the maximum adsorption capacities
and the adsorption rate. Indeed, better sorption capaci-
ties (10 mg/g of MG and 8 mg/g of RB) are achieved with
the smallest particle sizes (50 pm) due essentially to their
higher contact surfaces.

In single component systems and for all used granular
Fe-GSMPM sizes, the sorption capacities of MG (67 mg/g)
are slightly greater compared to those obtained with the RB
(29 mg/g). In mixture systems and under the used experi-
mental conditions, the uptake of MG on Fe-GSMPM gran-
ular is different than that obtained in mono-component
single systems.

3.3.2. Effect of pH

As shown in Fig. 9(b) and for all cases, the sorption is
favorable at pH above 6 and decreases when pH increases.

At acidic aqueous solution (pH = 3) and when pH <

(4.49), the two sorbates exist mainly as cationic forms
pI—i < pKa (MG) = 10 and pKa (RB) = 4.42), while the
Fe-GSMPM sorbent surfaces are positively charged. This
results in electrostatic repulsive interactions, which reduce
the adsorption capacity.

The uptake of high quantities of solute depends not
only on the adsorbent surface properties but also on the
structure of the dye molecules.

Concerning the co-adsorbate RB, the small molecules
having sizes of about 0.7 nm also exist as cationic monomer
form in acid medium (pH = 3) and thus can easily access the
pores of the adsorbent.

At pH = 6 close to neutrality (pH = 6 < pKa (MG) = 10,
pH (Fe-GSMPM) =4.49), the granules surface is negatively
charged (pH> pH ) and MG cations are adsorbed through
strong electrostatic interactions established between the
positive cations and the negative charge of adsorbent sur-
face causing an increasing of sorption capacities of about
94 %.

Under the same pH conditions, the RB dye takes the
Zwitterionc form with a predominance of the RB cations
and the surface sites of the adsorbent become negatively
charged (pH,, = 4.49). The small adsorbed quantities
observed correspondmg to an elimination rate of about
64% of RB dye are due to both the repulsive interactions
between Zwitterionc form of RB and adsorbent surface of
granules as well as to the hydrophobic interactions between
the Fe-GSMPM hydrophobic and the cationic species RB*
which are themselves hydrophobic.

In mixture systems and at the used conditions (pH =
6 and C, = 10 mg/L), we studied the influence of RB/Mg
weight ratio MG/RB in g/g (1/9, 1/3, 1, 3 and 9) on the
sorption capacities of Fe-GSMPM in aqueous solution. In
such conditions, both MG (pKa = 10) and RB (pKa = 4.42)
were almost totally present as cationic species. The simulta-
neous sorption of these two solutes has been described by
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the Sheindorf-Rebuhn-Sheintuch (SRS) model (an extended
Freundlich model) [39]. The corresponding parameter val-
ues a,, and a,, (see section 3.2.2.2) at different weight ratio
are shown in Table 7.

Results presented in Fig. 7 were shown that RB defa-
vourably affects the adsorption of MG with a decrease in
adsorption from 91% (r = 9) to 42 % (r = 1/9). The sorption
efficiency of Fe-GSMPM increases with weight ratio as com-
pared with their properties in a single component system.

This clearly indicates a competition in the adsorption
between the two solutes where the cations of the co-adsor-
bate RB seem to block the adsorption of those of the main
MG adsorbate to the same sorbent sites.

In the studied interval of MG/RB ratio competition
between MG and RB occurred towards adsorption of
Fe-GSMPM. When, the weight ratio r increases from 1/9 to
9, the competition coefficient values of a,, increases and that
of a,, decreases, suggesting that the uptake affinity of MG
was lesser than that of RB.

This variation in adsorption can be explained as follows:

An increase in the pH of the medium (from 3 to 6) leads
to a decrease in the protonation and to an increase in the
adsorption rate suggesting that the sites dedicated to the
cationic exchange become more abundant.

So, the protonation of MG molecules occurs in an acidic
medium and becomes increasingly deprotonated in basic

medium at high pH values in perfect harmony with sug-
gestions of some previous studies [5,25].

At the studied conditions (pH = 6; C, = 10 mg/L;
r=MG/RB:1/9,1/3, 1, 3, 9), the MG and RB dyes exist
in cationic and Zwitterionc form respectively, while the
Fe-GSMPM surfaces is negatively charged. This results in
a competition of the cationic species of the two sorbates to
the same adsorbent sites through electrostatic forces. For all
the selected ratios, the MG adsorption capacities are always
greater than the RB.

At this stage of our study, we can therefore conclude
note that the adsorption capacities in binary component
systems are significantly lower than those obtained when
the two solutes are tested separately in single-component
systems.

4. Conclusion

In this current work, a laboratory investigation was car-
ried out to prepare coherent and consistent granular sor-
bents Fe-GSMPM and to evaluate the performance of these
granules by the adsorption of two dyes as organic pollut-
ants MG and RB.

The test performed on the sorption of MG and RB in
the single and binary component systems showed that
Fe-GSMPM is able to effectively retain such compounds.

It was also shown that the pseudo-first-order kinetic fits
well with the experimental data. It could be confirmed that
MG and RB were mainly retained by physical interactions.

Freundlich isotherm model show best fits with the
experimental single component adsorption equilibrium
data. A reduce of adsorption capacity of MG in presence
of RB was observed. Prediction of the competitive adsorp-
tion behavior of the two pollutants indicates that the Shein-
dorf-Rebuhn-Sheintuch (SRS) model, is able to describe the
simultaneous adsorption MG and RB.

The antagonistic effect existing between MG and RB
is goodly shown by the interaction coefficients a,,, which
decrease with increase of r.
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