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ABSTRACT

The results obtained in this study showed that more than 80% of methylene blue (MB) was
eliminated in the first five minutes with a neutral pH at 20°C and with the variable initial
concentrations of MB between 5 and 30mg/I in the presence of 1g/I of clay. The clay of
Maghnia flocculates in the presence of the MB in solution regardless of the strength of the
pH of the medium. The optimal elimination of both MB (99%) and clay (98%) has been
reached when mixing 120mg/l of MB with 0.4-0.5g/1 of clay (FMC or SMC). The same
result was obtained when mixing 20mg/1 of MB with 0.16-0.2g/1 of clay (FMC or SMC).
Adding a suspension from the clay of Maghnia to the wastewater textile industry has proven
effective. Second-order kinetic model represents well, this elimination with a coefficient of
correlation R? ranging between 0.9991 and 1.0. Freundlich, Temkin, and Dubinin—-Radushke-
vich models showed that the temperature between 10 and 40°C does not have a great effect
on this elimination. Thermodynamic parameters AG*°, AH® and AS’ indicated that the process
is spontaneous with a weak energy.

Keywords: Clay of Maghnia; Cationic dye; Wastewater; Coagulation; Flocculation; Kinetics;

Isotherms

1. Introduction

The dyes are largely used in many industries such
as the textiles, paper industry, etc. In the effluents of
those industries, great proportions of dyes are present;
their concentration is estimated between 10 and 20%
[1]. Generally, the synthetic dyes have a complex aro-
matic molecular structure containing hydrocarbons

*Corresponding author.

such as benzene, naphthalene, anthracene, toluene
and xylene. More than 10,000 chemical dyes are cur-
rently present on the market; they can be classified in
three categories: the anionic, the cationic and the non-
ionic ones [2]. The world production is estimated to
be approximately 7 x 10° tons per annum [3,4].

Water colouration is a visible form of pollution;
even with small quantities of dye (10-50mg/1),
this can cause the reduction of light penetration and
the solubility of gases in water and disturbing the



photosynthetic and microbiological activities of
aquatic environment [5].

Methylene blue (MB) was used in many studies
like standard dye to study its elimination from the
aqueous media [6-10]. It is a cationic dye which gives
a very intense colour in solution even at very weak
concentrations [4]. The MB is used in several applica-
tions such as the coating and the colouring of paper,
hair, cotton and wool; it is also used as an indicator of
oxidation-reduction and as a disinfectant, besides its
many other medical usages [10].

The decontamination of any effluent containing the
dyes is essential before its rejection to the natural
environment. Several physico-chemical techniques of
treatment were developed to eliminate the dyes from
water in particular: coagulation, flocculation, chemical
oxidation, separation by membranes, electrochemistry
and techniques of adsorption [6,11].

Various research works are undertaken to study
the elimination of the dyes by using several types of
adsorbent materials, in particular clays and sludge
[5,6,11-15]. There is a very strong link between sur-
faces of clay minerals and the molecules of the cat-
ionic dyes. The latter are easily adsorbed in contact
with clay in suspension [16].

The reuse of treated wastewater in the industry
and/or in agriculture is a way recommended for the
countries with weak hydrous resources. The tradi-
tional process, coupling a physico-chemical and bio-
logical one, is not very effective to treat the effluents
of textile industry charged with synthetic dyes that
are slightly biodegradable. This work is a contribution
to test the local adsorbent materials that are readily
available and are inexpensive such as the natural ben-
tonite of Maghnia to treat water polluted with a dye.
It is on this ground that we have undertaken this
study to find the possibilities of eliminating the meth-
ylene blue from water by using two types of clays of
Maghnia: the filtered one (FMC: Filtered Maghnia Clay)
and the sedimented one (SMC: Sedimented Maghnia
Clay). We determined the influence of the time of con-
tact, the initial concentration of dye and clay, the tem-
perature and the pH on this elimination. Then, we
evaluated the various parameters related to the best
conditions of the treatment: elimination effectiveness,
application of certain models of isotherms of adsorp-
tion and determination of thermodynamic constants.

2. Experimental
2.1. Materials

The natural bentonites are clay minerals that
contain primarily montmorillonite, which belongs to

the group of the smectites of type 2:1; formed by the
superposition of three layers: an octahedral layer sand-
wiched between two tetrahedral layers. In water, clays
remain in suspension in the form of small particles
having an average diameter of approximately 2um
with a lamellate structure (succession of layers) [17].

The material used is the natural clay of Maghnia
(Algeria), supplied by ENOF company of bentonites.
This clay was dry sifted through the 80 pm sieve; the
fraction obtained was noted FMC. One part of this
clay was used directly in the tests; the other part was
sedimented to recover the argillaceous fraction consti-
tuted by the particles less than 2 pm in diameter. For
this purpose, 20 g of clay FMC was put in suspension
by agitation for 2h in one liter of distilled water, fol-
lowed by a 24 h rest in a test-tube. The top 400ml of
this suspension was siphoned off and centrifuged
[18]. The recovered base was dried, grinded and fil-
tered through the 80 um sieve. The obtained clay was
noted SMC. The clay of Maghnia belongs to montmo-
rillonites and its principal characteristics are presented
in Table 1[19].

The FTIR spectra of exchanged clay of Maghnia
were studied by Bouras [19] and Bouras et al. [20],
and the functional groups were identified.

The analyses were carried out on samples of the
two types of clay, FMC and SMC, at the laboratory of
chemical engineering of Toulouse (France) for the
determination of specific area by the adsorption of
nitrogen by BET method and the density using the
Metromeritics pycnometer Accupyc 1330 as well as
the granulometry by dry sifting of natural clay on a
series of sieves between 150 and 80 pm.

2.2. Dye

The dye used in the tests is the methylene blue
(CI 52015) of molar mass 373.9g/mol and formula
C16H15CIN3S - HyO. It was supplied by Merck. Oz et al.
reported that the reduced form of BM has a pK, equal
to 5.8 [21]. Its molecular structure is shown in Fig. 1.

2.3. Elimination of the methylene blue

Mixtures of 50% (v:v) MB and clay were prepared
with a concentration of MB varying from 5 to 30 mg/1
and a concentration of clay (FMC or SMC) varying
from 0.1 to 1g/1. This was done at a constant agitation
of 120rpm and a varying temperature between 10 and
40°C at the pH of the mixture, which is close to
neutral.

Samples were taken, during the testing period, to
evaluate the residual MB in the mixture until the
saturation of clay, which allows to determine the



Table 1
Chemical analyses in % weight of the natural clay of
Maghnia [19]

Oxide %
Na,O 0.5
SiO, 69.4
K,O 0.8
Al,O3 14.7
TiO, 0.2
FeO3 1.2
As 0.05
L.O.I? 11
CaO 03
MgO 1.1

“Loss on the ignition at 900°C.

Fig. 1. Molecular structure of the methylene blue.

contact time. Samples were immediately centrifuged
at 4,000rpm for 5min. Spectrophotometric measure-
ment (using Pharmacia Biotech spectrophotometer) of
the supernatant optical density at 20°C and 665nm
(wavelength of maximum absorption), allows to deter-
mine the MB residual concentration. At time ¢, Eq. (1)
allows to calculate the eliminated quantity of MB “g
(mg/g)”, which is the difference between the initial
concentration “Cy (mg/1)” and residual concentration
“C (mg/1)” of MB at time ¢, with respect to the con-
centration of clay in the mixture “W, (g/1)”. The effec-
tiveness of MB elimination “R (%)” was determined

by Eq. (2).

G —-C

q:Ta (1)

C—-C

R(%) =&

x 100 (2)

3. Results and discussions

3.1. Granulometry BET surface area and density
measurements

More than 80% of the particles of the natural clay
of Maghnia have a size less than 100 um in diameter
and more than 90% have a size less than 80pum in

diameter. Average specific areas and the densities
were found to be, respectively, 40.35m”/g, 2.44g/cm®
for FMC and 40.51 m?/g, 2.49 g/cm> for SMC.

It is noted that the average values of specific sur-
faces and densities of montmorillonites, in general,
vary, respectively, between 31 and 61m”/g [11] and
between 2 and 3 g/ cm?® [22].

3.2. Kinetics of equilibrium

Fig. 2 represents the influence of the initial concen-
tration Cy of MB on the variations of the MB quantity
eliminated with FMC as a function of time. It should
be noted that, in all the cases, elimination was fast.
The time of contact necessary to reach equilibrium
was established during the first five minutes. At 20°C
in a neutral pH when the concentration C, increased
from 5 to 30mg/1 and with the same quantity of clay
1g/1, the quantities of MB eliminated increased from
4.1 to 26.6mg/g for FMC and from 4.2 to 26.9mg/g
for SMC. This corresponds to the effectiveness of the
elimination increasing from 82 to 88% for FMC and 84
to 89% for SMC.

A study on the use of ashes of the mud filtered
through a 75um-size sieve in the adsorption of the
MB showed that they have a capacity of adsorption of
80% for 10min and that they have a specific surface
varying between 2.1 and 2.9m?/g and a density of
2.74g/cm? [13].

3.3. Influence of the clay concentration

The influence of the clay concentration W, on the
variations of the effectiveness of elimination of the
MB by FMC as a function of time is shown in Fig. 3.
With the initial concentration 20mg/l of MB and
under the same conditions of temperature and pH,
when the concentration W, of the clay increased from
0.1 to 1g/1, the effectiveness of elimination of the MB
remained practically the same and equals 88% for
FMC and 90% for SMC.

The two types of clays (FMC and SMC), which
have practically the same behaviour in the elimination
of the MB indicate that an important proportion from
the argillaceous particles of less than 2 pm in diameter
is present in the natural clay of Maghnia. Indeed, the
company ENOF of Dbentonites indicates that
approximately 54% of the particles of this clay have a
diameter less than 2 um [23]. In practice, it would be
interesting to use this clay after a simple sifting
instead of sedimentation in order to recover the small
argillaceous particles.

Fig. 4 shows the variations of the quantity of the
MB eliminated according to the clay concentration



Fig. 2. Effect of the initial concentration of MB on the kinetics of elimination with FMC and SMC at W,=1g/1; pH=7

and T=20°C.

Fig. 3. Effect of the clay concentration on the effectiveness of MB elimination with Cp=20mg/1; pH=7 and T=20°C.

FMC and SMC. At 20°C and neutral pH, when C, of
MB was 20mg/l, the eliminated quantity of dye
decreased quickly when W, of clay increased. This
could be due to the fact that the number of argilla-
ceous particles in suspension becomes much more
important compared to the number of cations of the
MB in solution. It would, therefore, be interesting to
find out if there is an optimal elimination of the MB.
In water, the clay suspension is stable; the particles
remain regularly distributed in the liquid. This
stability is due to the mutual repulsion of the parti-
cles, generally negatively charged. In the presence of

an electrolyte, the clay suspension can flocculate [24].
So, in the presence of the MB in solution, the clay sus-
pensions (FMC and SMC) flocculate at the ambient
temperature (20-22°C) and neutral pH (pH of the mix-
ture). When C, of MB was 120mg/l, the optimal
quantity of clay in suspension to treat the polluted
water was 0.4-0.5g/1 and the average quantity of
eliminated MB became equal to 270mg/g for the two
types of clay. At Cy of MB 20mg/I, the optimal quan-
tity of clay in suspension to treat the polluted water
was 0.16-0.2g/l and the average quantity of elimi-
nated MB became equal to 110mg/g for the two types



Fig. 4. Effect of the clay concentration on the quantity of eliminated MB with Cy=20mg/l; pH=7 and T=20"C.

of clay. At the optima, water becomes clear and the
optimal effectiveness of MB elimination is higher than
99%. The turbidity of the supernatant does not exceed
1.5NTU representing an effectiveness of clay elimina-
tion of more than 98%. The tests of flocculation were
carried out at the laboratory of the chemical engineer-
ing (UMR 5503 of CNRS) of Toulouse (France), using
a jar test (Bioblock Scientific Floculator 11198) with six
positions (initial agitation with 180rpm for 2min and
then with 20rpm for twenty minutes. After a rest of
15min, a sample of the supernatant was taken to
determine the residual concentration in MB).

Most of the clays are negatively charged and form
with the exchangeable ions, a double electrostatic
layer [25]. Indeed, the increase in dye concentration at
the interface of the clay is due to the electrostatic
forces between the negative charges of clay particles
in suspension and the positive charges of the cations
released by the MB in solution [26]. This can explain

Fig. 5. Industrial wastewater before treatment.

why at the optimum, when there is neutralization
between the charges, the particles of clay and the cat-
ions of the MB flocculate then precipitate. It would be,
therefore, interesting to use the clay of Maghnia in
suspension to a concentration that can be determined
by the use of jar test to purify the water polluted with
a cationic dye. In fact, treating the wastewater of a
textile industry (using cationic dyes in their manufac-
turing process) with suspension of Maghnia’s clay has
proven to be effective at laboratory level as can be
seen in Figs. 5 and 6.

A comparison of MB efficiency removal of some
other low-cost adsorbent materials under certain
experimental conditions is listed in Table 2. It is seen
that when the added clay was optimized, our results
were the highest (99%) but when the added clay was
not optimized our results (88.7%) were quite similar
to the clay of Brazil (91.9%) but higher than clay of
Turkey (58.2%) and activated sludge (61.3%). The

Fig. 6. Industrial wastewater treated by the clay of
Maghnia.



Table 2

Comparison of the MB removal efficiency of some low-cost adsorbent materials

Adsorbent Co (mg/1) W, (g/D Sa (m2/g)
Clay (Algeria) 120 0.4-0.5 40.35
Clay (Algeria) 20 0.16-0.2 40.35
Clay (Algeria) 30 1 40.35
Clay (Brazil) 600 2 62

Clay (Turkey) 100 1 30
Activated sludge 100 1 /

T (C) pH q (mg/g) R (%) Refs.
20-22 7 270 992 this work
20-22 7 110 992 this work
20 7 26.6 88.7° this work
35 6 275.64 91.9 [15]

20 5.65 58.2 58.2 [8]

20 7 61.3 61.3 [5]

Note: *Optimized added clay. "Not optimized added clay.

Fig. 7. Effect of the pH on the effectiveness R according to W, of the FMC with Cy=20mg/1 of MB and ambient

temperature.

natural clay of Maghnia could be employed as a low-
cost adsorbent and could be considered as an alterna-
tive to the commercial one for the removal of colour.

3.4. Effect of the pH

At the ambient temperature and 20mg/1 of MB,
Fig. 7 represents the effect of the pH (adjusted by
addition of NaOH or HCI 0.1N) on the effectiveness
of elimination, R, according to the concentration W, of
the FMC. The optimum of elimination of the MB can
be reached, regardless to the pH of the medium. With
the pH 5.8 and 9.9, the effectiveness of elimination
was practically the same, while it was weaker with
pH 3.5.

The pH is an important parameter in a process of
coagulation—flocculation, beyond pH 6, its influence
becomes weak because the concentration in ions H* is
practically void; therefore, its competition with the

cations released by the dye is limited [5]. The maxi-
mum elimination of all the dyes is observed in an
alkaline medium [27].

3.5. Effect of the temperature

In Fig. 8, the quantity of the eliminated MB g, in
contact with 1g/1 of FMC; according to the equilib-
rium concentration C. of MB, after saturation of FMC
(time of contact 90min.), at the pH of the mixture and
at different temperature (between 10 and 40°C); allows
to notice that the temperature does not influence this
elimination.

It is interesting to find the model which represents
the obtained experimental values. The models of
isotherms used are:

The model of Freundlich in its linear form [5],
Eq. 3):



Fig. 8. Effect of the temperature on the elimination of the MB by 1g/1 of FMC at neutral pH.

Ln(q,) = % x Ln(C.) + Ln(k) (3)

where ki and n are the constants of Freundlich. n
depends on the nature of the pair adsorbate-adsor-
bent; there is a good adsorption when 1 <n <10.

The model of Temkin [28] written in its linear
form, Eq. (4):

ge = A+ B x Ln(C,) (4)

where A=(RxT)/b;xLn (a;) and B=(R xT)/b, are
constants of Temkin; with R=8.314]/molK and T are,
respectively, the constant of perfect gases and the
temperature in Kelvin.

The model of Dubinin—-Radushkevich (DR.) [29],
Eq. (5):

Ln(qe) = Ln(gm) — f x & (5)

where ¢, is the maximum quantity adsorbed in
mol/g, B constant in mol’/kJ* bound to the free
energy, and ¢=RxTxLn(l+¢). g and C. are
expressed in mol/g and mol/l. The Eq. 6 makes it
possible to calculate the free energy E of the process
of elimination in kJ/mol:

E=—(2p)"" (6)

The values of E ranging between 8 and 16 kJ/mol
indicate an ionic exchange process. If E is lower than
8kJ/mol, the process of fixation of physical type is
due to the weak van der Waals forces.

The computed values of the constants of Freund-
lich, Temkin and Dubinin—Radushkevich are shown in
Table 3, with their coefficients of correlation R>.

The value of n is in all cases lower than one. This
indicates the existence of electrostatic interactions
between the MB molecules and the surface of the clay;
that is responsible for the rapid fixation. The calcula-
tion of the value of b; shows that the energy required
is weak and that the variation with the temperature is
negligible and its value remains about 0.1kJ/mol. The
values of the free energy E vary between 7.67 and
7.04kJ/mol indicating a physical process of fixation in
the limit between the ionic exchange and the one due
to the weak van der Waals forces.

3.6. Kinetics modelling

Several authors [5,8,9,12,23,30] applied the follow-
ing kinetic models to explain the mechanism of
adsorption of their materials:

The kinetic model of the pseudo-first order, whose
mechanism corresponds to adsorption preceded by
diffusion through a boundary layer, is represented by
the equation of Largegren in its linear form, Eq. (7):

ky x t
l0g(qer — ) =log(g1) =5 27 )

where k; is the pseudo-first-order rate constant in
min~'; go; and g in mg/g are, respectively, the maxi-
mum quantities adsorbed at the equilibrium and at
the time .

The kinetic model of the pseudo-second order of
Ho and Mc Kay is represented in its linear form by
Eq. 8):



Table 3

Freundlich, Temkin and Dubinin—-Radushkevich parameters at different temperatures

Model Parameters 10°C 20°C 25°C 40°C

Freundlich n 0.84 0.80 0.69 0.65
ke 5.72 5.27 4.09 3.92
R? 0.9848 0.9862 0.9904 0.9690

Temkin A 3.54 2.34 —-2.70 —3.78
B 22.05 22.95 27.35 29.30
b; (kJ/mol) 0.107 0.106 0.091 0.089
R? 0.8613 0.8377 0.9155 0.9264

Dubinin-Radushkevich Gm (mol/g) 0.044 0.061 0.289 0.425
B (mol?/KkJ?) 0.0087 0.0085 0.0101 0.0096
—E (kJ/mol) 7.58 7.67 7.04 7.22
R? 0.9866 0.9830 0.9867 0.9604

Table 4

Parameters of kinetic models for the elimination of the MB by FMC

Pseudo-first order Pseudo-second order Intra-particles diffusion

Co (mg/D) ki (min—1) g (mg/g) R? k; (g/mg.min) g, (mg/g) R? ki (g/ mg.mino's) I (mg/g) R?

5 0.002 4.18 0.041 nd?® 4.18 0.9995 0.008 4.11 0.2945

10 0.024 8.73 0.4765 0.405 8.73 0.9999 0.019 8.51 0.436

20 0.016 17.24 0.5798 0.154 17.24 0.9999 0.048 16.73 0.6985

30 0.030 26.95 0.4208 0.151 26.95 1 0.094 26.04 0.8376

“nd: not determined.

t 1 t
1 kxgh g )
where k; and 4., are, respectively, the pseudo-second-
order rate constant of the adsorption in g/mg.min
and the maximum quantity adsorbed in mg/g.

The kinetic model of intra-particle diffusion by
Weber and Morris represented by Eq. (9), corresponds
to a mechanism of adsorption that is being held in
four stages:

¢ The diffusion of the molecules of the solution
towards the surface of the adsorbent;

¢ The diffusion through a boundary layer on the sur-
face of the adsorbent;

¢ The diffusion of inter-particles from outside
towards the interior of the pores of the adsorbent;

e The adsorption on the active sites by reactions of
the ionic exchange types, complexations and/or
chelations.

g=Fk xt*°+1 9)

where k; and I are, respectively, the constant of speed
of diffusion intra-particles in mg/ gmino'5 and the
quantity adsorbed under the effect the thickness of
the boundary layer in mg/g.

Table 4 shows the values obtained of the various
constants of the kinetic models applied to the experi-
mental values of the elimination of the MB by 1g/1 of
FMC, with neutral pH at a temperature of 20°C. The
obtained coefficients of correlation R* show that only
the kinetic model of the pseudo-second order gives a
good representation of our experimental results. Fig. 9
shows the application of the second-order kinetic
model on the elimination of the MB by FMC.

The pseudo-second-order kinetic model represents,
with a small deviation, the results obtained on the
adsorption of the MB by the activated sludge by
micro-organisms, resulting from the cleaning water
treatment of transport station in Adana in Turkey [5].
It also represents well, the adsorption of the MB on
the montmorillonite of the north-east of Brazil [15]
and the adsorption of the acid dyes used in the
industry of the textile on bentonite of Maghnia and



Fig. 9. Application of the kinetic model of the second order to the elimination of the MB by 1g/1 FMC at 20°C and

neutral pH.

Fig. 10. Effect of the temperature on the elimination of the MB by 1g/1 FMC suspension at neutral pH.

the kaolin [23], and the adsorption of cationic dyes on
kaolin [30].

3.7. Thermodynamic study

Egs. (10) and (11) [12] were used to determine
thermodynamic constants of MB elimination by 1g/1
FMC suspension, varying the temperature between 10
and 40°C at neutral pH.

AS° AH®
log(k) = 5303 xR 2303 x Rx T (10)
AG = AH —T x AS (11)

where ke = Z—: is the equilibrium constant, R is the perfect
gas constant and T is the absolute temperature. AH",
AS° and AG"’ are, respectively, the standard enthalpy,
the entropy and the free enthalpy of adsorption.



Table 5
Thermodynamic parameters of MB fixation on FMC
T (°C) ke AG® AH® AS®
1/g) (kJ/mol) (kJ /mol) (kJ /mol K)
10 8.39 —4.84 - -
20 8.67 —5.11 - -
25 8.66 —5.24 2.8 0.027
40 9.29 —5.65 - -

The representation in Fig. 10 of the variation of the
log(ke) vs. L, allows us to determine the various ther-
modynamic constants, as showed in Table 5.

Generally, the AG® value of a physical process of
adsorption varies between —20 and 0kJ/mol, while
during chemisorption it varies between —80 and
—400kJ/mol [15]. Between 10 and 40°C, the values of
AG® are negative indicating that the process of MB
adsorption on the clay of Maghnia is spontaneous and
of physical type. This confirms the result obtained by
the calculation of the free energy E.

The enthalpy AH® is positive but very weak; con-
firming that the energy brought is negligible. The
entropy AS° is positive and also weak indicating a
small increase of the disorder in the solid-liquid inter-
face compared to the liquid phase. Thus, the weak
effect of the temperature (10-40°C) on the elimination
of the MB by the clay of Maghnia is confirmed.

4. Conclusion

At 20°C in a MB—clay mixture at neutral pH and
initial concentrations between 5 and 30mg/1 of MB,
the elimination of MB is fast in the first five minutes
and corresponds to more than 80%. The two types of
natural clay of Maghnia FMC and SMC seem to have
the same behaviour in eliminating the MB indicating
the presence of an important proportion in argilla-
ceous particles of less than 2 pm in diameter.

The clay of Maghnia flocculates in the presence of
the MB solution because of the neutralization of the
electrostatic forces between the negative charges of
clay particles in suspension and the positive charges
of the cations released by the MB in solution. Regard-
less to the pH of the medium, the optimum elimina-
tion of the MB can be reached by using a jar test to
determine the optimal quantity of clay in suspension.
At the optima, the effectiveness of MB elimination is
more than 99% and clay is eliminated with an average
of 98%. The clay of Maghnia seems to be a good and
available low-cost material to treat by flocculation, the
water polluted by cationic dyes. At laboratory level,
adding Maghnia’s clay suspension to the wastewater
of a textile industry has proven effective. The second-

order kinetic model represents well this elimination
with a coefficient of correlation R ranging between
0.9991 and 1.0. The influence of the temperature
between 10 and 40°C on this elimination is negligible
and the calculated thermodynamic parameters indi-
cate that the process is spontaneous with a negligible
energy brought into play.
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