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Adsorption of the anionic dye methyl orange on used artificial
zeolites: kinetic study and modeling of experimental data
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Abstract: The adsorption of methyl orange (MO) dye by artificial zeolites beads, used previously in the removal
of heavy metal through the ionic exchange process, has been studied. The effect of several parameters such as
temperature, MO concentration, and zeolite mass on MO adsorption was tested in order to determinate optimal
conditions. All results have shown that the adsorption process was influenced by the studied parameters. The
kinetic data concerning the study of temperature effect was modeled through pseudo-first-order and pseudo-
second-order to determinate the adsorption mechanism. Thermodynamic parameters were calculated using the
Van’t Hoff equation. Also, they have shown that the studied process has an endothermic, stable and spontaneous

nature.
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1. Introduction

Dyes are widely used in industries such as textile, pulp
mills, paper, dye synthesis, food, printing, leather and
plastic industries, Nowadays, various kinds of organic
dyes are developed and used in leather, electroplating,
textile, paper-making, plastics and printing industries
!, Dyestuffs generally come from the textile, paper,
rubber, plastics, paints, printing inks, arts and crafts,
leather, food, drugs and cosmetics industries 2.
Therefore, developing an efficient technique for the
management of the dye industry has long been an
essential task for the protection of the environment.
Several techniques, including oxidation, ozonation,
photochemical degradation, membrane separation,
coagulation and adsorption, were employed to
eliminate dyes from wastewaters 3. Adsorption is one
of the most effective methods that have been used
successfully in this field +.

Adsorption may be a good option for treating textile
effluents since the adsorbent (solid matrix) has many
favorable characteristics. Zeolites have an ionic
exchange capacity, a negatively charged network and
selectivity "8°, Even with their several advantages,
zeolites also have diffusion restrictions for
transporting large molecules inside the material °.
However, recent studies that investigate zeolites
properties have proved the important porosity of these
materials *.
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Zeolites are crystallized microporous solids belonging
to the group of aluminosilicates. The presence of
cavities with molecular dimensions and harmful
compensation cations induced by the aluminum, gives
the zeolites excellent properties leading to many
applications, especially in the fields of catalysis,
adsorption and cation exchange 2.

In this work, the methyl orange (MQO) dye was
selected as a pollutant model to study the adsorption
potential of zeolite beads under variation of different
experimental conditions, such as temperature, zeolite
mass, MO concentration and pH. Understanding the
kinetics of adsorption is a required field for the
adsorbents development destined for environmental
applications. Therefore, kinetic data were analyzed in
order to estimate the adsorption mechanism by
pseudo-first-order and pseudo-second-order models.
This information may be useful for further studies and
practical applications of adsorbent in dyeing
wastewater. The thermodynamic study was also
effectuated to explain the adsorption process.

2. Experimental

2.1. Materials

As adsorbent, we used a synthesized used zeolite-
based support. Before its application to the treatment
of dyed-loaded water, it was first put in contact with a
solution of 1M HCl in order to purify the support, then
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several washing cycles with distilled water were
carried out to the neutralization of the adsorbent.

Figure 1. Zeolite beads

Table 1. Characteristics of Orange Methyl dye
Dye

Methyl Orange MO

2.3. Methods

The adsorption experiments were carried out as a
function of the contact time (0 <t <3h), the imposed
pH is pH=6.5 on the aqueous solution, the zeolite
mass (0.05g <m <2 g), the temperature (25 ° C <T <55
° C), and the initial dye concentration (10 mg.I*
<[MO] <200 mg.I'"Y). The tests were carried out by
stirring 0.1 g of zeolites in 100 ml of the synthetic dye
solution concentration of 10 mg.I"%. The adsorbent was
added to the colored solution until reaching the
adsorption equilibrium. The absorbance evolution of
contaminated solution was measured using a UV-
2005 spectrophotometer (CUAE2TI) type UV /
visible spectrometer at the wavelength corresponding
to the maximum absorbance of orange methyl
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2.2. Preparation of solutions

Methyl orange MO (Ci4H14N3O3SNa), which has
been widely used to simulate organic pollutants in
laboratory wastewater 131516 has been treated in this
study. All desired aqueous solutions were prepared by
dissolving 1000 mg.I* distilled water. The MO dye is
very soluble in water. Its characterization was shown
in Table 1.

Molar mass
o
£o

327,32 g/ mol
C14H14N3NaO3S

(A = 468 nm). The residual dye concentration was
determined using the calibration curve performed
with a known concentration range of MO. The
adsorption capacity Qe (mg.g-1) and the removal rate
R (%) were determined respectively by equations (1)
and (2):

14
Qe =(Co—Co)* - ()
Ro% = 224100 )

Co and Ce are the initial and equilibrium
concentrations, respectively, m is the mass of the
support and V is the volume of the solution.
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Figure 2. Effect of the mass of zeolite on the adsorption of MO ([MO] =10 mg.L?, pH = 6.5 and T = 298K)

3. Results and discussion

3.1. Effect of zeolite mass on MO adsorption

To investigate the effect of zeolite mass on MO
adsorption, six solutions of 10 mg.L?, MO were
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mixed with different zeolite quantity ranging from
0.05 to 2 g for 300 minutes. Figure 2 has shown that
the adsorption rate of MO has decreased with the
increase of zeolite mass in the aqueous solution. After
180 minutes, the obtained curves have shown that the
percentage of removal of the dye (MO) is
substantially total (100%) for a mass of 2 g zeolite.
Such performance of zeolite beads maybe because
some adsorption sites were saturated during the
adsorption process. It was noted that the adsorption
yield of MO increases more rapidly as the mass
increases due to the increase in the number of surfaces
and reaction sites available for MO adsorption '”. The
mass 0.1 g of zeolite has given an adsorption yield of
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the order of 85%; this value was chosen as an optimal
mass for economic reasons.

3.2. Effect of MO concentration on the adsorption
process

Different initial concentrations of MO were
investigated for studying the effect of MO
concentration on the studied process. As shown in
Figure 3, the adsorption capacity increases from 8.76
mg.g! to 102.14 mg.g* with the increase of initial
concentration from 10 mg.L to 200 mg.L? of the
dye. This result can be attributed to an increase in the
driving force of the concentration gradient 8.
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Figure 3. Effect of the concentration on the adsorption of MO (m=0.1g, pH =6.5, V =100 ml, T = 298 K).

3.3. Effect of temperature on MO adsorption

The experiments were performed with the same initial
concentration of MO of 10 mg.L™, with a zeolite dose
of 0.1 g to study the effect of temperature on MO
adsorption. Figure 4 has shown that adsorption
capacity increases with increasing temperature, which

can be attributed to the reaction rate between MO and
zeolite beads increases with temperature. The
diffusivity of MO, through the superficial layer of
zeolite micropores, also has increased with the
increase of temperature, which indicates an
endothermic process *'.
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Figure 4. Effect of temperature on the adsorption of MO (m = 0.1 g, [MO] = 10 mg.L%, V = 100 ml, pH = 6.5).

3.4. Thermodynamic Study

Thermodynamic parameters, including Gibbs free
energy change (AG®), enthalpy change (AH®) and
entropy change (AS°®), are used to evaluate the effect

of temperature on adsorption of MO dye on zeolite
and provide detailed information about the inherent
energy changes associated with the process °. The
enthalpy (AH®) and entropy (AS°) parameters have
been estimated from classical relationships:
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Ln (KL)Z(ﬁ)_(ﬂ) 3) AS°(J.molt.K?1) can be calculated from the

R R intersection and slope of these Van 't Hoff plots,
AG = AH — T AS 4) respectively. The values of AG® (kJ.mol-1) were

The curve of LnK concerning 1/T gave a straight line
(Fig.5), and the values of AH° (kJ.mol?) and

0,7

recalculated by AH°® and AS° (see Table 2). The
positive values of AH® have indicated the endothermic
nature of the adsorption process
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Figure 5. The Van’t Hoff plot corresponding to adsorption process

Table 2. Thermodynamic Parameters.

T uT Ln(K) Qe Ce

298 0.00335 0,133 594 4,37
308 0.00324 0,40 714 2,83
318 0.00314 0,59 764 197
328 0.00304 0,63 8,5 1,97

From the thermodynamic point of view, the
adsorption was evaluated by the standard values of
Gibbs free energy (AG° Kj.mol-1), enthalpy (AH®
Kj.mol-1) and of the entropy (AS° J.mol?). All
thermodynamic parameters were regrouped in
Table 2. The negative values of AG® have indicated
that adsorption is a spontaneous and favorable
process. The positive value of AH® has confirmed that
the MO adsorption on the zeolites was an endothermic
process of the magnitude and has proved that the
studied mechanism of MO adsorption by zeolite beads
is physical adsorption (physisorption) 2°.

3.5. Adsorption Kinetics

The pseudo-first-order kinetic model 2+??, describes
the adsorption of liquid/solid system. The
corresponding equation can be written as:

k
log(ge — qt) = logge — (ﬁ) .t (5)

Where ge and gt are the capacity of the adsorbed metal
ions (mg.g') at equilibrium and at time t (min),
respectively, and K1 is the pseudo-first-order rate
constant. Thus, the values of ge and k1 can be
determined experimentally by plotting log (ge-qt)
versus t and extracting information from the least-

AG°(Kj.molY) = AH°(Kj.mol?)  AS°(J.mol?)
-14,06 13,64 47,22
-14,53

-15,00

-15,47

squares slope and intercept and substitution analysis
in Eq. (5). Plots log (ge-qt) versus t were shown in
Figure 5A. Calculated values of ge, ki and the
corresponding values of the correlation coefficient of
the linear regression R? were given in Table 2.

The pseudo-second-order model describes that the
adsorption process is controlled by chemisorption,
which involves valence forces by electron sharing or
exchange between solvent and sorbate. The kinetic
model of adsorption is expressed by the following
formulation 2324;

t 1 t

= + (6)

a - k2qge2 ;

The values of k. and ge can be calculated from the
intercept and the slope of the linear relation, Eq. (6)
between t/qt and t. The curves of the plotting t / gt as
a function of t were given in Figure 5B, and the
calculated values qge, ko, and the corresponding values
of the correlation coefficient of the linear regression
R2 are summarized in Table 3.

From the adsorption rate, it can be seen that the
pseudo-first-order kinetic model corresponds to the
adsorption of MO on zeolites better than the pseudo-
second-order model.
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Figure 5. Kinetics of the pseudo-first order (A) and kinetics of the pseudo-second order (B) corresponding to
adsorption process (m = 0.1 g, [MO] = 10 mg.L?, V = 100 ml, pH = 6.5).

Table 3. Parameters of the studied kinetic models.
Pseudo-first order

T Ki  (min?) Qeca (mg.gt) R2

298 0,026 5,30 0,982
308 0,045 7,85 0,988
318 0,041 8,03 0,993
328 0,041 8,70 0,985

It was noted that the obtained R2value using the
pseudo-first-order equation is more close to unity
(>0.982) in comparison with the pseudo second-order
model. The calculated adsorption capacity values
(gecar) ranging from 5.30 mg.g* to 8, 70 mg .g* are
close to experimental values (geexp) ranging from 5.94
mg.g? to 8.50 mg.g. These results have indicated
that adsorption kinetics can be described through the
pseudo-first-order model. It can be concluded that
physisorption is the nature of the MO adsorption on
the adsorbent surface 2°.

4. Conclusion

Synthetic zeolite beads have been used as low-cost
adsorbents of dyes in agueous solutions. According to
the obtained results in this work, the studied process
is influenced by the variation of contact time,

Pseudo-second order

Kz (g.mg".min) Qeca (Mg.g™?) R2

0,010 6,49 0,918
0,0042 9,61 0,855
0,0026 11,36 0,729
0,0049 10,52 0,879

adsorbent mass, MO concentration and temperature.
Thermodynamic parameters were calculated using the
Van’t Hoff equation. They have shown that the nature
of the studied process is endothermic and
spontaneous. Adsorption data were modeled using
pseudo-first and second-order kinetic equations. The
pseudo-first-order kinetic model could better describe
the adsorption kinetics. It can, therefore, be concluded
that physisorption is the nature of the MO adsorption
on the surface of the zeolite. The experimental results
showed that zeolite beads could potentially be used in
the removal of the anionic dyes in aqueous solutions
and industrial wastewater treatments.
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