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ABSTRACT

The objective of this study was to determine the power of four microporous materials synthesized
not incorporated (S-1, ZSM-5) and incorporated into metals (VS-1, CuZSM-5) in the degradation
of a cationic dye (Neutral Red). These materials were synthesized in a fluorinated medium under
well-defined temperature and crystallization time conditions. They were characterized by different
techniques, X-ray diffraction (XRD), infrared spectroscopy (IR), and ultraviolet-visible spectroscopy
(UV-Vis). The degradation of the neutral red (NR) dye on the four adsorbents was analyzed using
two kinetic models to study the adsorption process: pseudo-first-order and pseudo-second-order.
Parameters affecting the dye adsorption, such as pH and contact time also were studied. The
adsorption kinetics were better described by the pseudo-first-order model. Isothermal models
were also applied in this study, Langmuir, Freundlich, and Temkin. The adsorption of NR dye on
Cu/ZSM-5 seemed to conform to the Langmuir model with a high correlation coefficient R? value
of 0.999 and the highest adsorption capacity of 16.129 mg/g was achieved at a pH level of 5.19 and a
removal rate of 98.75% could be achieved within 50 min.
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1. Introduction

Pollution is one of the consequences of the develop-
ment of technology and is a threat to the environment. The
demand for industrial water has resulted in the generation
of a significant amount of wastewater-containing pollutants.
Notably, dyes are an important class of industrial pollut-
ants [1,2], which greatly threatens human health and can be
toxic and carcinogenic [3,4] because of the aromatic molec-
ular structures that can make them stable and difficult to
biodegrade [5].

The direct release of dyes into natural water sources
results in damage to the ecosystem [6], increases water
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opacity, reduces sunlight transmission, and affects the
photosynthesis of aquatic plants and life in the water [7].

Therefore, there are three treatment methods to remove
the dyes before discharging them into the water sources: bio-
logical methods, which can degrade dyes in the presence of
bacteria [8], fungi [9], yeasts [10]; a chemical method using
coagulation—flocculation [11], ozonation [12] to remove the
dye and physical method such as adsorption which serves to
degrade dye [13].

Neutral red (RN) (or toluene red or a basic red V) is a
toxic compound widely used in biological research, micro-
biology, and virus studies, as a general histology dye, and
as a vital stain. The toxicity of this organic compound is
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due to the resulting products after its decomposition which
are dangerous, such as carbon monoxide, carbon dioxide,
hydrogen chlorides, and nitrogen oxides [14].

Adsorption is considered a very effective method for dye
removal. Researchers are conducting studies on the feasi-
bility of using low-cost materials with large pores such as
zeolites and MCM-41[15]. Harpreet et al. studied the adsorp-
tion of neutral red (NR) in the presence of Cd-M OF as an
adsorbent [16], and Zhou et al. carried out the degradation
of the same dye (NR) on a polymer [17]. Brido et al. [18] used
a mesoporous zeolite (ZSM-5) synthesized in the adsorption
of Crystal Violet dye. The activated carbon biosorbents from
the Lantana camara were used as adsorbents for the removal
of the acidic dye tartrazine from aqueous solutions [19].
Nanocomposite has also been applied for the decolorization
of toxic food dyes (rhodamine B and tartrazine) from waste-
water [20]. Ani et al. [21] carried out a study of the adsorp-
tion of the Red Congo using a zeolite synthesized (ZSM-5)
directly from Bangka kaolin without an organic template,
hierarchical zeolite-based biomembrane [22] and ZSM-5
zeolite synthesized from the biomass power plant as an
adsorbent [23]. Ali et al. [24] studied the degradation of the
same dye using a commercial zeolite as an adsorbent. Seyed
et al. [25] performed an adsorption study of Orange Acridine
on an incorporated zeolite (Fe/ZSM-5). An elimination
study of Methylene Blue (MB) was carried out in the pres-
ence of a synthesized zeolite from coal fly by Dwiredi [26],
and titanium silicalite-1 (TS-1) was used in the degradation
of the same dye by Sean [27]. These zeolites are crystalline
aluminosilicates with molecular-sieving properties. They
belong to a group of tectosilicates. Each zeolite has its own
distinctive crystalline and porous structures. Mesoporous
Silicalite-1, ZSM-5 zeolite, and high silica zeolite are used
for the adsorption of Methylene Blue [28-30]. Bouchra et al.
[31] performed a Basic Fuchsin (BF) dye removal study using
synthesized Fe-ZSM-5 as an adsorbent.

In this study, microporous zeolite materials (silicalite-1,
vanadium-incorporated silicalite-1, ZSM-5 zeolite, and
copper-incorporated zeolite) were synthesized using the
hydrothermal method and used for the removal of neutral
red dye. Analysis such as XRD, UV-vis, and IR spectroscopy
confirmed that our materials were well crystallized and cor-
responded to MFI-type zeolite. The effects of contact time
and solution pH on the adsorption behavior of NR were
investigated. The adsorption kinetics and isotherm mod-
els that describe the elimination of the neutral red dye in
the presence of S-1, VS-1, ZSM-5, and Cu/ZSM-5 as adsor-
bents have been presented in this work. The adsorption
process of the neutral red dye in the presence of Cu/ZSM-5
as an adsorbent was best described by a pseudo-second-
order kinetic model and the Langmuir isotherm, while
the dye removal using S-1 and VS-1 as an adsorbent was
explained by the pseudo-first-order kinetic model and
two isotherms (Freundlich and Temkin).

2. Experimental set-up
2.1. Synthesis of materials

We are mainly interested in the synthesis of zeo-
lite materials type MFI. We chose material (5-1) as the

reference sample to describe the synthesis procedure of
each material [32].

Silicalite-1 is synthesized from a gel containing reagents,
Ludox, tetrapropylammonium hydroxide (TPAOH), Potas-
sium fluoride (KF), and water. In a beaker, 7.5 g of Ludox
is introduced into 13.50 g of water, successively adding
3.25 g of TPAOH and 2.90 g of KF. This mixture is stirred
for 2 h at room temperature until a homogeneous mixture
has been obtained. Then the resulting gel with a molar
composition: KF-0.08TPAOH-SiO,-20H,0 was transferred
to a Teflon-coated autoclave and heated under static con-
ditions at 175°C for 24 h. Then the autoclave was cooled.
The recovered mixture was then filtered and washed sev-
eral times with distilled water. The resulting product was
then dried. Finally, the sample was calcined at 550°C for
6 h. (The same procedure was applied for samples MS-1,
ZSM-5, and MZSM-5, adding the metal source for the
incorporated materials).

2.2. Characterization of samples

The prepared materials were characterized by the
X-ray diffraction patterns of the same material between
10° and 50° using a Bruker AXS D8 Advance diffractome-
ter with a graphite monochromator using the Cu K radia-
tion (A = 1.5418 A) and the diffuse reflectance UV-Vis. was
obtained at room temperature between 200 and 800 nm on
a UV-Vis Varian Cary 5E spectrometer equipped with a dou-
ble monochromator and an integrating sphere coated with
polytetrafluoroethylene (PTFE) has been used.

2.3. Adsorption experiments

The neutral red dye degradation test is presented
as follows: 250 mL of a solution of the neutral red with a
concentration of 10 mg/L is introduced into a beaker of
250 mL afterward also adding the prepared materials
(0.5 mg of 5-1, ZSM-5, MS-1, and MZSM-5); this mixture
is stirred for 60 min at room temperature (25°C). By mea-
suring the pH of the solution every 10 min it was filtered
using a centrifuge-type EBA-Hetlich at a speed of 3500 rpm
for 15 min. Absorbance is measured at 660 nm using an
OPTIZEN spectrophotometer.

A 10 mg/L concentration solution prepared by dilution
from a stock solution of RN dye 1 g/L, was chosen to deter-
mine the maximum wavelength (A __ ) of the dye. The extrap-
olation of the results obtained gives us band absorption at
520 nm, whichis A___for which the absorbance is maximal.

The absorbance of a neutral red solution was measured
when the pH of the solution changed, an evolution in the
UV-Vis spectrum (variation of A__), and an evolution in
the color of the NR solution was observed. In our case, the
solution prepared with 10 mg/L of the NR dye had a visible
band located ata A__ of 520 nm.

3. Adsorption kinetics and isotherms
3.1. Study of the adsorption kinetics

Kinetics models were considered to analyze the
obtained experimental results. Two models were studied
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to describe the adsorption of our dye on the four adsor-
bents used: the pseudo-first-order model Eq. (2) and the
pseudo-second-order model Eq. (3) [33]. The kinetics of
adsorption of the dye studied (NR) were carried out for an
initial dye concentration of 10 mg/L, with a concentration
of 0.50 g/L for the four types of adsorbent (S-1, ZSM-5) and
(MS-1, MZSM-5).

The adsorption efficiency of the dye on the four adsor-
bents is defined by [34]:

R% = (COC;C’) x100 1)

0

where C: initial concentration of substrate (mg/L); C;: the
substrate concentration at the equilibrium of the adsorption
process (mg/L).

The pseudo-first-order kinetic equation is represented by
the following linear relation:

k xt
2.303

log(q, —4,)=logg, - @

where g, (mg/g) and g, (mg/g) are the adsorption capacities
at a given time ¢ (min) and the equilibrium condition, respec-
tively, and k, (min™) is the pseudo-first-order constant.

The second model is represented by the following equation:

t 1 t

LA 3
ql k2 X qcz q[’

where g, is the quantity of dye adsorbed at time t (mg/g), g,
is the maximum adsorption capacity of the pseudo-second-
order (mg/g), and k, is the kinetic constant of adsorption
of the pseudo-second-order (g/mg-min).

3.2. Adsorption isotherms

Adsorption isotherms play an important role in deter-
mining the maximum adsorption capacities and in the
design of new adsorbents. There are many theoretical mod-
els for describing the adsorption isotherms. In our study,
we were only interested in the Langmuir equation (Eq. (4)
[35], Freundlich Eq. (5) [36], and Temkin Eq. (6) [37] models.
These models are given by the following equations:

S S— @
T Gmax XK G %€,
1
Ing, =InK, +-InC, (5)
n
g, =bInK, +bInC, (6)

where K, is the Langmuir adsorption equilibrium, the
constant g (mg/g) represents the maximum adsorption
capacity, K, is the Freundlich constant (L/kg), 1/n is the het-
erogeneity factor, b is the variation of adsorption energy
(J/mol), and K is Temkin constant (L/mg).

4. Results and discussion
4.1. Characterization
4.1.1. X-ray diffraction

The diffractograms presented in Fig. la—e shows a
well-crystallized framework and indicate the absence of an
amorphous phase in the synthesized materials. The sam-
ples (E, E, E, and E)), which represent S-1, ZSM-5, VS-1,
and CuZSM-5, respectively, have characteristic diffraction
peaks at 20 = 23.1°, 23.98°, 24.4°, 24.56°, 25.95°, 29.41°, and
29.95°, which are exclusively indexed to the structure of the
MFI topology [38,39].

The peaks appearing at 20 = 35.5° and 38.7° in the dif-
fractogram of sample E, indicate the incorporation of cop-
per (Cu) atoms into ZSM-5[40], and the peak observed at
20 = 23° in the E, sample diffractogram usually indicates
orthorhombic symmetry [41].

4.1.2. UV-Vis spectroscopy

This technique is used to obtain information on the
coordination environment and the oxidation states of metal
ions. The UV-Vis spectra of VS-1 and Cu/ZSM-5 are shown
in Fig. 2a and b.

The VS-1 spectra were dominated by four character-
istic bands of charge transfer (CT) from oxygen to metal.
According to the literature, the CT band centered at approx-
imately 230-240 nm has been attributed to the tetrahedral
structure of (SiO),VY = O located in the silica framework
[42,43].

In the case of Cu/ZSM-5, we have absorption bands at
208, 265, and 348 nm, which are associated with the tetra-
hedral coordination environment in the transition state of
charge transfer, confirming the presence of our metal inside
the ZSM-5, and the bands around 265 and 348 nm correspond
to the identification of extra-structures that can be attributed
to the copper oxides clusters and nanoparticles of copper
oxides [44].

4.2. Adsorption study
4.2.1. Effect of pH

The initial pH of the solution was a necessary factor
for dye degradation. In this work, the pH of Neutral Red
eliminated on the four adsorbents varied as follows:

The range of the variation of our factor is between 7.80
and 8.94, 7.19 and 8.63 when we used silicalite-1 (S-1) and
zeolite (ZSM-5) as adsorbents, respectively. In the case
of silicalite-1 incorporated on vanadium (VS-1) and the
zeolite incorporated on copper (Cu/ZSM-5), the variation
in our parameter is between 5.02 and 6.40, 5.19 and 5.33,
respectively.

Thus, a decrease of the pH from 8.63 to 8.23 in the case
of the adsorption of NR on the ZSM-5 resulted in a low
dye removal rate from 1.25% to 8.75%. This is due to the
strong electrostatic repulsion between the cationic dye and
adsorbent.

In the dye elimination reaction on VS-1, S-1, and Cu/
ZSM-5, the decrease in pH was from 6.40 to 5.13, 8.53 to 7.80,
and 5.33 to 5.19 caused an increase in NR dye adsorption rate
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Fig. 1. Diffractograms of S-1, ZSM-5, MS-1, and MZSM-5 adsorbants.
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Fig. 2. UV spectra vis, (a) VS-1 and (b) Cu/ZSM-5.

from 11.25% to 45%, 22.50% to 62.50% and 82.5% to 98.75%,
respectively. These results indicate the presence of an electro-
static attraction between the cationic dye and the adsorbents,
which leads to an increase in the adsorption capacity of the
dye.

The influence of pH on Neutral Red (NR) adsorption
shows a maximum removal of dye (98.75%) at pH = 5.30, in
the presence of MZSM-5 as adsorbent, and the minimum
removal (8.75%) at pH = 8.54 in the presence of ZSM-5.

Fig. 3a—d show the effect of pH on pollutant degradation
in the presence of adsorbents 5-1, MS-1, ZSM-5, and MZSM-5.

4.2.2. Effect of contact time

The adsorption of NR was fast when we used MZSM-5
as an adsorbent, which was observed in the first 10 min with
an elimination rate of 82.5%; in the presence of S-1 and MS-1,
the rate of adsorption was weak in the first 10 min (22.5%
and 11.25%, respectively), and the rate of elimination of NR
increased with increasing time. Fig. 4 shows the adsorption
capacity of NR for the adsorbents.

With ZSM-5, the adsorption rate is 1.25% in the first
10 min, indicating that there was no early interaction between
the adsorbate and the adsorbent.

I T T T T T |
200 400 600 800

Wavenumber (nm)

4.2.3. Adsorption kinetics

Concerning the pseudo-first-order, the plot of In(g,-g,) as
a function of time for the dye studied gives a linear form in
Fig. 5, and for the pseudo-second-order, it was examined by
plotting t/g, as a function of time in Fig. 6.

All the kinetic parameters determined from these lines
are collated in Table 1 on the adsorbents S-1, ZSM-5, MS-1,
and MZSM-5, respectively.

From the results obtained, we notice that the first-
order pseudo model is the more reliable for determining
the order of the adsorption kinetics of NR on the S-1 and
MS-1, and the second-order pseudo is suitable to describe
the adsorption process on the ZSM-5 and MZSM-5 adsor-
bents because the correlation coefficients are closer to a one
(R*>0.99).

4.2.4. Adsorption isotherms

The experimental results of the NR adsorption isotherms
on zeolites modeled by the Langmuir, Freundlich, and
Temkin equations are shown in Figs. 7-9.

The Langmuir, Freundlich, and Temkin parameters for
the NR on the four adsorbents are collated in Table 2.
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Fig. 3. Effect of pH on the adsorption of neutral red.
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We note that the correlation coefficient R? of the Langmuir
model is very close to one for the dye on the four adsor-
bents. According to the constants g calculated from this
model, it is observed that the adsorption capacity of NR on
(MZSM-5) (q, . =16.129 mg/g) is higher when compared with
——51 the other adsorbents (S-1, ZSM-5, and MS-1) (2.673, 0.207 and
B Ms-1 1.121 mg/g), respectively.
A 75MS Langmuir isotherm is characterized by the separation
g factor or equilibrium parameter, R, which is used to predict

whether an adsorption system is “favorable” or “unfavor-
able”. The separation factor, R, is defined by the following
equation [45]:

15 25 35 45 55 65
t({min) 1
. . . Ry =—+ (KLCO) (7)
Fig. 4. Effect of contact time on the adsorption of neutral red. 1
Table 1
Kinetics adsorption constants of the dye studied for the two models on the four materials (S-1, ZSM-5, VS-1, and CuZSM-5)
Dye Adsorbents Pseudo-first-order Pseudo-second-order
g, (Ex) g, (Cal) k, R? g, (Cal) k, R?
S-1 12.5 11.34 0.46 0.987 18.510 1.881 x 107 0.975
R ZSM-5 1.75 1.623 0.031 0.974 1.739 7.202 x 107 0.999
N VS-1 9 7.15 0.005 0.990 37.03 1.807 x 10~ 0.852
CuZSM-5 19.57 5.37 0.056 0.997 20.408 1.984 x 1072 0.999
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Fig. 6. Pseudo-second kinetics of neutral red for the four adsorbents.
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Table 2
Adsorption isotherms constant of the dye studied on the four
adsorbents (S-1, ZSM-5, VS-1, and CuZSM-5)

Langmuir
Adsorbents K| q,. (mg/g) R R,
S-1 3.066 x 10! 2.673 0.976 2.459 x 10!
ZSM-5 1.25x10t  0.207 0.996 4.444 x 10"
CuZSM-5 2.066 x 10" 16.129 0.999 3.276 x 10!
V51 2.052 x 101 1.121 0.947 3.276 x 10!
Freundlich
Adsorbents K, 1/n R?
S-1 95.106 1.469 0.968
ZSM-5 2.653 x 107  40.12 0.937
CuZSM-5 17.999 0.067 0.885
VS-1 1.177 x10°  2.857 0.998
Temkin
Adsorbents b (kJ/mol) K, R?
S-1 -11.27 8.539 x 102 0.992
ZSM-5 0.465 3.061x10  0.872
CuZSM-5 -1.137 2.014 x 107 0.870
V51 -13.51 9.333 x 102 0.994
a) s1
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The R, values of the dye studied on the four adsorbents
are in the range of 0 <R, <1, which are shown in Table 2
indicating the adsorption is favorable.

In the case of the Freundlich isotherm, the results
obtained show that the correlation coefficients R* are good
in all cases. According to the values 1/n found, we can say
that we have better adsorption of our dye on (MZSM-5),
easy adsorption of the dye on (S-1 and MS-1), and difficult
adsorption in the presence of ZSM-5. So, the adsorption is
favorable in the presence of (MZSM-5, S-1 and MS-1) [46—48].

Concerning the Temkin isotherm, we also notice that
the values of the correlation coefficient R? are also high for
S-1 and MS-1, compared with the other two adsorbents, so
the process of adsorption of NR is better with this model
in the presence of S-1 and VS-1 as adsorbents. The isother-
mal model of Temkin thus suggests the heterogeneity of the
adsorption sites of the zeolite particles [49]. The value of
R? is lowered when the Cu/ZSM-5 was used as adsorbent.
This result shows the unfavorability of the Temkin model
for the studied adsorption system with this material [50].

5. Conclusion

In this research, we can say that the study of adsorp-
tion of the basic dye (NR) on four adsorbents shows that
the zeolite incorporated into the metal (Cu/ZSM-5) is very
suitable for the elimination of our dye, the amount of
adsorbed dye is increased by increasing the contact time.
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Fig. 7. Langmuir adsorption isotherm of NR on the four adsorbents.
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According to the results obtained, the elimination of our
dye on Cu/ZSM-5 in the acidic medium is maximal with a
high percentage of degradation (98.75%), we can say that
we have almost total elimination at recorded time 50 min.
The degradation of NR on a zeolite purely silicic (S-1) gave
us a degradation rate exceeding 50% (62.50%) in a basic
medium at a given moment of 50 min. The use of the vana-
dium-incorporated silicalite-1 in this degradation gave an
elimination rate which less than 50% (45%) at a time of
60 min and a low neutral red dye removal in the presence
(8.75%) of the non-metal-incorporated zeolite (ZSM-5) with
a degradation rate is very low less than 10% at a time of
30 min, beyond that there was no color change.
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