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Abstract:

Introduction/purpose: Algerian natural zeolite (denoted NZ) was modified
using hydrochloric acid (HZ) and sodium hydroxide solution (NaZ). This
study investigated the impact of acid and alkaline modifications on the
adsorption of two cationic textile dyes (BRss and BY13) from aqueous
solutions.

Methods: The XRF analysis confirmed that SiO2 is the predominant mineral
in all three zeolites. The XRD results revealed that NZ is primarily
composed of mordenite, with chabazite and minor quartz content. The
MEB-EDX analysis showed slight variations in the Si and Al content for HZ
and NaZ, without significantly altering the zeolite’s structure.. The effects of
initial dye concentration, contact time and pH were examined in a batch
system.
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Results: The adsorption on NZ, NaZ and HZ increased with longer contact
times, higher initial dye concentrations, and elevated temperatures.
Equilibrium was rapidly attained best described using the pseudo-second-
order kinetic model. Both the Langmuir and the Freundlich isotherm models
fit for the adsorption data.

Conclusion: The highest dye removal efficiency was observed for NaZ, with
97.62% for BR4s and 98.97% for BY13. The lowest removal rates occurred
at pH= 8 for HZ and pH=10 for NZ and NaZ. Adsorption was spontaneous
and endothermic.

Keywords: zeolite, modification, acid, alkaline, adsorption, cationic dyes

Introduction

Dyes used in paper, plastics, food, cosmetics and textile industries
are among the most prevalent organic micropollutants in water. Many of
these dyes are toxic and have a severe environmental impact, as they
block light penetration, inhibit photosynthesis, reduce dissolved oxygen
levels, hinder plant growth, enter the food chain, and bioaccumulate (Lellis
et al, 2019, Aarden, 2001). Additionally, many dyes are carcinogenic.
Their high solubility, chemical stability, and resistance to light and heat
make their removal through conventional methods challenging. Various
physical and chemical techniques are used to remove dyes from industrial
effluents, including coagulation (Li_et al, 2016), biological treatments
(Aravindhan et al, 2023), flotation, oxidation, and adsorption. Among
these, adsorption is the most widely used due to its high efficiency, low
material cost, simple design and operation, and the abundance and non-
toxicity of materials like: activated carbon (Kumar et al, 2023), silica gel,
bentonite (Selim et al, 2014), kaolinite (Ighnih et al, 2023), and zeolite
(Senguttuvan et al, 2022).

Zeolites are microporous hydrated aluminosilicates with a three-
dimensional framework that carries a negative charge balanced by
exchangeable cations, primarily Na*, Ca?* and K*. Naturally occuring in
zeolitic-rich rocks, zeolites exist in various forms, including clinoptilolite,
heulandite, faujasite, mordenite, chabazite, analcime, etc. They can also
be synthesized in laboratories into other forms such as zeolite A, zeolite
Y, and zeolite P (Reeve and Fallowfield, 2018). Although synthetic
zeolites are valued for their high purity, large surface area, and
considerable porosity, their production requires expensive raw marterials,
complex synthesis processes, and time-consuming steps. Consequently,
recent research has focused on enhancing the properties of natural
zeolites such as exchange capacity, and a specific surface area through




various modificaton methods, including acid activation (Pastukhov et al,
2023), alkaline activation (Ates and Akgull, 2016), iron oxide
modification and organic modification (Wang et al, 2023), and surfactant
modification (Ebsa, 2023). The effectiveness of modifications depends
not only on the target pollutant but also on the desired properties,
environmental impact (toxicity), and cost considerations (expenses and
duration). Therefore, a comprehensive understanding of the caracteristics,
structure, morphology, and interractions of zeolites is essential, providing
valuable insights for future studies.

Zeolites have a broad range of applications, from agriculture and
wastewater treatment to petroleum refining, where they serve as
adsorbents, molecular sieves, and ion—exchange agents (Visa, 2016).

Mordenite, first discovered in 1864 in Nova Scotia, Canada, and
named after the small community of Morden, is a zeolite mineral with the
molecular formula (Na*s) [(AlO2)s(SiOz2) 40].24H20. The Si/Al ratio in natural
mordenite samples varries from 4 to 6, with higher ratios correlating to
greater thermal and chemical stability (Nakamoto et al, 2017, Mamo
et al, 2015). In Algeria, mordenite-type zeolite is particulary predominant
in the northeast region (Mehdi et al, 2022). While its primary application
has been in cement activities, only a few studies have explored its potential
for removing heavy metals (Mehdi et al, 2022) and dyes
(Imessaoudene et al, 2024) from water. The modification of natural
zeolites using acid and alkaline solutions significantly impact their
composition, morphology and porosity. These treatments facilitate the
removal of silicon and aluminum from the zeolite framework, altering the
SiO2/Al;Osratio and influencing their adsorption properties, leading to the
modification of external and internal surface properties (Garcia-Basabe
et al, 2010).

In this work, our main objective is to improve properties of natural
mordenite such as exchange capacity, specific surface and porosity via
treatment with HCl and NaOH solutions without altering the main structure.
This is verified by studying the adsorption capacity of two cationic textile
dyes by natural and modified mordenite. The effects of contact time, initial
dye concentration, pH, and temperature were aslo studied.

Materials and methods

Natural zeolite was obtained from a Tuf deposit in Tinedbar, located
in Bejaia, northeast of Algeria. The bulk sample was crushed into smaller
particles of varying sizes and subsequently sieved using a column sieve
to obtain clay particles with a diameter of<63um. The processed zeolite
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was stored in a polyethylene container for further use and designated as
NZ.

The following chemicals were used in the study: sodium hydroxide
(NaOH,40g/mol, 99%), sulphuric acid (H2SOs4, 98.08g/mol, 95-97%,
d=1.83 ), hydrochloride acid (HCI,36.5g/mol, 37%, d= 1.18), sodium
chloride (NaCl, 58.44 g/mol, 99.5%), and nitric acid (HNO3, 63.01 g/mol,
69%, d=1.410). All reagents were obtained from Sigma-Aldrish, VWR
Prolabo Chemicals, and Fluka Chemicals. Distilled water was used to
prepare all solutions.

The textile dye Basic Red 56 (BRss, C1sH21BrNg, 401.3 g.mol') and
Basic Yellow 13 (BY13, C20H23 CIN2O , 342.86 g.mol”, pK. =10.35) (Figure
1) were supplied from a textile industry plant located in Ain Djasser, Batna,
in the eastern region of Algeria. Both dyes are cationic, water-soluble, and
commonly used for dyeing acrylic fibers and textile printing.
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Figure1 — Structure of cationic dyes:(a) Red dye (BR56), and (b)Yellow dye (BY13)

Preparation of adsorbents

A bulk sample of natural zeolite was ground into small particles using
an industrial crusher. The crushed material was then passed through a
series of sieves with diameters ranging from 1 mm to 63 um (from 15 to
236 mesh). Zeolite particles with a diameter of <73 um were collected,
stored in bottles, and designated as NZ.

Alkaline modification:

The activation of natural zeolite using an alkaline treatment was
conducted as follows:

A measured mass of natural zeolite was mixed with a specific volume
of sodium hydroxide solution (500 mol/m3) at a 2:1 volume-to-mass ratio.
The mixture was stirred continuously for six hours while maintaining a




temperature of 343 K. The resulting slurry was then washed several times
with deionized water, filtred, dried, and sieved to 63 um before being
stored in bottles and labeled as NaZ.

Acid Activation:

The acid activation of zeolite was carried out using the following
procedure:

A 5x10% m?3 reactor equipped with a reflux condenser, a magnetic
stirrer, and a thermometer was used. A specified amount of natural zeolite
was mixed with a hydrocloridric acid solution (500 mol/m?®) and added to
the reactor. The mixture was heated under reflux at 90 °C and agitated for
two hours, maintaining a constant temperature throughout the process.
The clay was then filtered and repeatedly washed with deionized water
until no residual acid was detected (i.e., no white precipitate appeared after
the addition of barium chloride). The clay was dried at 110 °C, crushed,
sieved to 63 uym, and stored in a bottle, labeled as HZ.

Results and discussion

Characterisation of adsorbents

The chemical composion of the samples was determined using X ray
fluorescence (XRF). The X-ray diffraction patterns were rfomed on a
diffractometer (Rigaku Miniflex Il desktopX-ray diffractometer ) with Cu(Kq)
radiation, operated at a voltage of 40 kV and a current of 40 mA. The
samples were scanned over a 26 range from 2° to 60° at a scanning rate
of 5 deg/min.The morphology of both natural and modified zeolites was
analyzed using a scanning electron microscope (SEM, JEOL, JSM-6400).
Additionally, FTIR spectra were recorded within the wavenumber range of
500-4000 cm™ using a JASCO spectrophotometer.

Point of zero charge (PZC)

The point of zero charge (PZC) for the three zeolites (NZ, NaZ, and
HZ) was determined by mixing a series of 5x10° m*® NaCl solutions (5
mol/m?3) with the initial pH values ranging from 3 to 10 by adding 100
mol/m? of HNO3; or NaOH before adding 0.05 g of zeolite. The mixture was
stired for 48 hours, after which the final pH was measured. The pH
variation (ApH= pHspHi) was plotted against the initial pH.

The PCZ was identified as the intersection point of the curve where
ApH=0. According to the plot shown in Figure 2, the PZC values for NZ,
NaZ, and HZ were determined to be 9.292, 9.71 and 7.25, respectively.
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Figure 2 — Zero point of charge value for natural (NZ) and activated zeolites (NaZ and
HZz)

X-ray fluoerescence (XRF)

Table 1 shows that SiO; is the predominant mineral in all zeolites,
followed by Al2O3, Fe203, CaO, K20, and other oxides. The Si/Al ratio of
NZ indicates that it belongs to the mordenite type (3 < Si/Al < 5). For the
two modified zeolites (NaZ and HZ), a slight change in the ratio is
observed, although the mordenite structure remains unchanged. The
decrease in the silica content for NaZ is attributed to its removal by sodium
hydroxide, whereas the decrease in the aluminum content for HZ is due to
its removal by hydrochloric acid.

Table 1 — Chemical composition of natural zeolite (NZ), modified zeolites with 100 mol/m?3
of NaOH (NaZ) and 100 mol/m® of HCI (HZ)

SiO2 AlO3 Fe203 CaO MgO Na:O KO0 ClI SOs3
Nz 60.43 16.01 6.57 442 0.88 241 3.55 0.015 0.025
Naz 5594 17.31 6.11 296 0.66 6.78 6.38 / /
HZ 58.17 13.62 6.03 558 079 2.31 3.05 / /

X-ray diffraction (XRD)

The X-ray spectra of natural zeolite and treated zeolites (NaZ and HZ)
(Figure 3) indicate that mordenite is the major component of NZ, followed
by chabazite and minor amounts of quartz.




A comparison of the three diffractograms reveals a shift in the peaks
and a reduction in the intensity of some peaks corresponding to impurities.
Additionally, an increase in the intensity of the peaks related to mordenite
and chabazite was observed, demonstrating the effectiveness of acid and
alkali treatments.

Furthermore, a decrease in the intensity of quartz peaks was
observed for NaZ, which is attributed to the removal of Si from the
framework by acid. Based on the previous studies, NZ mainly contains
mordenite ((Ca, Naz, K2)ALSi10024:7H20), chabazite (Ca2Al:SisO12. 6H20),
and quartz (SiO>).

The reduction in the HZ peak intensities was mainly caused by the
decrease in crystalinity and/or the crystal size of the mordenite framework.
This explains why the mordenite structure remained intact and protected
after the treatment process.

+Mordenite

e Chabazite NZ
—— NaZ

* Quartz

Intensity (a.u)

20 ()
Figure 3 — XRD patterns for NZ,NaZ and HZ

Scanning electron microscopy (SEM/EDX)

The SEM images are presented in Figures 4a, 4c, and 4e. Figure 4c
reveals that NaZ exhibits a slightly rougher surface and particle irregularity,
mainly due to severe crystal de-agglomeration of the zeolite. In contrast,
Figure 4e of HZ particles shows the presence of ultrafine/nanoscale
entities surrounding larger particles.

The EDX results presented in Figure 4b, 4d, and 4f indicate changes
in the chemical composition of NaZ and HZ compared to that of NZ. A
slight decrease in Si and Al percentage and an increase in Na and Ca
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percentage are observed for NaZ and HZ. Additionally, a significant
decrease in the K content was noted in NaZ compared to NZ and HZ,
probably due to ion exchange of K ions with Na ions.

The Si/Al ratio in HZ increases due to aluminum removal, while it
decreases for NaZ due to the removal of Si. The oxygen content in all three
zeolites is higher, probably because either all cations are present in their
oxide form or part of the oxygen comes from water molecules and
hydronium ions adsorbed on the surface. These findings are consistent
with previous results reported by Lycourghiotis et al.(Lycourghiotis et al,
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Figure 4 — SEM images and the EDX spectra of NZ (a.b), NaZ (c,d) and HZ (e,f)

Fourrier transform infra red spectroscopy (FTIR)

FTIR spectras are used to detect functional groups. Figure 5 presents
the IR spectra of NZ, NaZ, and HZ. For natural zeolite (NZ), the absorption
bands at 3639-3442 cm™ correspond to the stretching vibrations of
isolated silanol groups (Si-O-H) and H>O molecules adsorbed on the
surface. The band at 710 cm™ is characteristic of the tetrahedral units of
Si04 and A|O4.

During the acid treatment, a shift in the main peak from 1075 cm™ to
1032 cm™' was observed, which can be explained by the removal of cations
(mainly sodium) from the pores, affecting the vibration frequencies. At
1745 cm”, an increase in the peak intensity indicates a higher
concentration of H,O/H3O* replacing cations within the framework pores,
leading to an increase in microporosity and smaller mesopore volume.

Additionally, the increase in the peak size at 3607 cm™ was caused
by the replacement of cations by water molecules and hydronium ions
(HsO*) on the outer surface.

For the zeolite treated with sodium hydroxide, the intensity of the peak
signal at 1543 cm™, which corresponds to Al sites on the zeolite surface,
shows an increase of intensity due to the removal of Si. Additionally, the
intensity of the peaks in the range of 600-800 cm™, associated with
exchangeable cations, decreases due to the loss of cations and silica.
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Figure 5 — FTIR spcetra of natural and modified zeolites

Adsorption isotherms modeling

The adsorption experiments were conducted in 100 cm?® Erlenmeyer
flasks by mixing 4 g/l of the adsorbent with 50 cm?® of an aqueous dye
solution. The mixture was agitated at 250 rpm for a specified period,
followed by centrifugation at 2000 rpm for 10min.

The dye absorbance was measured using a SHIMADZU UV-Visible
spectrophotmeter at the maximum wavelength specific to each dye:
411 nm for BY13, and 532 nm for BRss. The percentage of dye removal
was calculated using the following equation :

R%=Mx100

G (1)
The amount of adsorbed dye was calculated as follows:
(C,—C,)xV
.=
m (2)

where Co and Ce represent the initial and equilibrium concentrations
of the dye in the solution (mg/l). V is the volume of the solution (L), and m
is the mass of the adsorbent (g).




The equilibrium adsorption of BRss and BY13 onto NZ, NaZ and HZ
was analyzed using the Langmuir and Freundlich isotherm models. These
adsorption isotherms reflect the relationship between the amount of dye
adsorbed onto adsorbents (gass) and the dye concentration at equilibrium
(Ce).

Langmuir isotherm

The Langmuir isotherm describes a simple model for monolayer
adsorption on surfaces with identical adsorption sites. The general
equation is as follows:

_1+K,-C,
qe 1+ aL ° Ce (3)
After linearization, Equation (3) becomes:
c, 1 a-C,
.
q, K, K,

(4)

where K. and a_ are the equilibrium constants, ge and C. are the
adsorption capacity and the concentration at equilibrium, respectively. The
lineair Langmuir plot is obtained by plotting Cc/qe versus Ce.

Freundlish isotherm

The Freundlish isotherm describes non-ideal and multilayer
adsorption on a heterogenous surface. The model is given as follows:
1
qe = KF : Cen (5)

The linear form of Equation (5) for data fitting is expressed as follows:

1
logg, =logK, +—logC,
n (6)
where Kr and n are the Freundlish constants, representing adsorption
capacity and intensity, respectively.

Modelisation of adsorption kinetics

For a better analysis of the adsorption process, the kinetic data
reported here have been fitted to three commonly kinetic models: the
pseudo-first—order model, the pseudo-second-order (Lagergren, 1898),
and (Ho and Mckay, 1998), and the intra-particule diffusion model
(Weber Jr and Morris, 1964).
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The pseudo-first-order equation can be expressed as follows:
dgq,
=K (g -
o =K (4.-4q) )
where K is the adsorption constant rate (s™'), q: is the amount of

adsorbed adsorbate at the time t (ug.g™'), and ge is the amount adsorbed
at saturation. The integrated form of Equation (7) becomes (8):

log(q. —q,)=logq, K-t g,

The pseudo-second-order equation can be expressed as follows:

d
L=Ke(@-aP (9
where K; is the adsorption constant rate. The integrated form of
Equation (9) becomes (10):

q, K, q. (10)

Several factors can limit the adsorption kinetics, including intra-
particle diffusion. The influence of this latter can be interpreted by the
following equation:

1
q, =K, t*+C (1)
where Kiq is the intra-particle diffusion rate constant (ug. g min *),
and C is a constant related to the thickness of the boundary layer.

Thermodynamic study

The thermodynamic parameters AG, AH and AS can be calculated by
the following equations:

c

q
K =-*% 12
C (12)

e

AG=-RTInK, (13)
AG=AH-TAS  (14)
AS AH

InK, ==2-22 (15)
R RT




where K. is the equilibrium constant, g. the amount of dye adsorbed
per liter of the solution at equilibrium (mg/dm?), C. is the equilibrium
concentration of the adsorbate in the solution (mg/dm?3), T is the
temperature (K), and R is the gas constant and is equal to 8.314 J/(mol K).
AG, AH, and AS are standard free energy, standard enthalpy and standard
entropy, respectively. AH and AS are caculated from the slope and the
intercept of the linear plot of 1/T versus LnKc.

Results and discussion

Adsorption study of BRss and BY13 on natural and
activated zeolites

Kinetic study

The effect of contact time on dyes removal by the zeolites (Figure 6)
was studied over a range of contact times from 10 to 360min at 298 K. The
initial dye concentration was set at 50mg/|, with an adsorbent dosage of 4
kg/m?3.

o
1

i
@
o
&

Adsorbed amount (mg/g)
o
Adsorbed amount (mg/g)
~ >
e
T
N

~
!

o
I

T T T T T T T T
50 0 5 100 150 200 250 300 350 400 50 (3 55 12)0 1%0 260 2%0 32}0 3%0 400
Time (min) Time (min)

Figure 6 — Effect of the contact time on the adsorption of BR4s and BY13 on NZ, HZ and
NaZ

Figure 6 illustrates that the amount of dye adsorbed increased rapidly
during the first 10 min before gradually stabilizing until equilibrium was
reached. The optimal time to attain equilibrium was determined to be 60
minutes. The high adsorption efficiency can be attributed to the availability
of abundant active sites on the adsorbent surface. This initial rapid uptake
is followed by a slower removal rate as the adsorbent reaches a saturation
point. It is noteworthy that the highest adsorption capacity was observed
for NaZ with both dyes, followed by HZ, whereas NZ exibited the lowest
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adsorption capacity. This suggests that modifying mordenite with both acid
and base enhances adsorption capacity by removing cations from the
framework channels, thereby creating mesopres and micropores and
increasing the overall porosity of zeolite. Lycourghiotis et al.
(Lycourghiotis et al, 2018) also demonstrated that acid modification
improves the porosity and structure of mordenite. However, in contrast to
their study, which employed high-concentration acid, our study utilized
low-concentration acid, resulting in only a slight removal of cations without
significantly altering the main structure. For alkaline modification, the
removal of Si and the incorporation of Na led to an increase in the number
of strong acid sites, thereby enhancing the adsorption potential.

The pseudo-second-order model was applied to evaluate the
adsorption of cationic dyes onto NZ, NaZ and HZ, as depicted in Figure 7.
The pseudo-second-order constants are summarized in Table.2.
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Figure7 — Application of the pseudo-first and —second-order models on the adsorption of
BY13 and BR4s on NZ,NaZ, and HZ




Table 2 — Pseudo-order constants

Pseudo
First Order
R? _Xz Qe K1
BRae
NZ 0.519 1.808x10-° 0.0069 0.0012
Naz 0.588 9.124x10-7 0.0096 0.0014
HZ 0.658 1.717x10-8 0.012 0.0021
BYi3
NZ 0.605 4.73%10-7 0.0073 9*10-4
Naz 0.670 1.103x10-° 0.007 0.0013
HZ 0.754 1.792x10-° 0.012 0.00217
Pseudo
Second Order
R? _Xz Qe K2
BRae
NZ 0.941 1.204x10-6 0.0074 0.304
Naz 0.962 3.09%x10-7 0.010 0.204
HZ 0.944 6.77x107 0.0129 0.252
BYi3
NZ 0.968 1.639x107 0.0082 0.149
Naz 0.950 4.21x107 0.010 0.189
HZ 0.941 7.16x107 0.013 0.258

The kinetic data presented in the table compare the pseudo-first-order
and pseudo-second-order models in describing the adsorption process.
The parameters analyzed include the coefficient of determination (R?), the
chi-square error (x?), the equilibrium adsorption capacity (qe), and the rate
constant (K).

The accuracy of the kinetic models is primarily assessed using R? and
X2. The pseudo-first-order model exhibited relatively low R? values, ranging
from 0.292 to 0.776, indicating a week to moderate correlation between
the experimental and theoretical data. Additionally, the higher x? values
suggest significant deviations between the predicted and experimental
adsorption capacities. Conversely, the pseudo-second-order model
demonstrated substantially higher R? values (0.951-0.968), indicating a
superior fit. The corresponding lower x? values confirm a reduced error
between theoretical and experimental data, further supporting the
suitability of this model.

Belgaid, N et al, Removal of basic textile dyes from water by natural and modified Algerian zeolite: kinetic,
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The equilibrium adsorption capacity (ge) predicted by the pseudo-
second-order model is more consistent with the experimental values
compared to the pseudo-first-order model. This stability suggests that the
pseudo-second-order model more accurately describes the adsorption
process. Furthermore, the rate constant (K) values obtained from this
model are lower, which may indicate a slower but more controlled
adsorption mechanism. This trend aligns with the previous studies where
the pseudo-second-order kinetics have been associated with
chemisorption-dominated processes (Amin et al, 2023).
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Figure 8 — Application of the intra-particule diffusion model to dye adsorption on NZ, NaZ
and HZ

Table 3 — Constants of intra-particle diffusion

Constants of intra-particle R2 Kigx10-5 Cigx103
diffusion (kg/kg s) (kg/kg)
NZ-BRas 0.892 6.865 1.7
HZ-BRas 0.771 8.22 3.78
NaZ-BRas 0.681 9.483 5.5
NZ-BY13 0.893 6.714 1.8
HZ-BY13 0.813 8.564 3.3
NaZ-BY13 0.709 9.375 5.15

The results indicate that adsorption does not follow to a single linear
diffusion model, suggesting the presence of multiple rate-limiting steps.
This non-linearity necessitates a more in-depth analysis of the diffusion
rate constant (Kis), the boundary layer effect (Cis), and the correlation
coefficient (R?). The non-zero values of Cq (ranging from 2 to 5.465)




confirm that adsorption is influenced by boundary layer resistance,
implying that film diffusion also plays a significant role in the overall
process. The increase in Ciq values with zeolite modification suggests that
surface interactions contribute substantially to adsorption kinetics. The
highest Ciq values, observed for NaZ-BRss (5.5) and NaZ-BY13 (5.15),
indicate that surface adsorption effects are more pronounced in these
materials, further supporting the hypothesis of multi-stage adsorption.

The variation in R? values (0.681-0.893) reflects differences in the
extent to which intraparticle diffusion governs the adsorption process
across different zeolite modifications. The highest R? values observed for
NZ-BR4s (0.829) and NZ-BY3 (0.893), suggest a stronger correlation with
the intraparticle diffusion model, whereas the lower values for NaZ-BY3
(0.703), indicate a more complex adsorption mechanism involving multiple
kinetic stages.

Natural zeolite exhibited the lowest Kiy values (0.485-0.487 mg/g
min®%), presumably due to increased pore accessibility and surface acidity,
which enhance adsorbates-adsorbent interactions.

The non-linearity observed in the diffusion plots suggests the
presence of distinct adsorption phases:

I.  External Mass Transfer Phase: Initially, dye molecules migrate
from the bulk solution to the zeolite surface. The significant Cig
values suggest that this phase is not negligible and that film
diffusion contributes to the overall rate limitation.

Il. Intraparticle Diffusion Phase: Once adsorbates reach the
surface, they diffuse into the internal structure of zeolite. The
variation in Kig values among different zeolites confirms that this
phase is influenced by structural and chemical modifications.

Ill.  Equilibrium Phase: At longer contact times, the adsorption rate
decreases as active sites become occupied. The lower slopes
observed in the latter stages of adsorption support this trend,
consistent with diffusion-limited kinetics.

Effect of dye concentration

The effect of dye concentration on the adsorption on natural and
activated zeolites (Figure 9) was investigated by varying the initial dye
concentration between 10 and 200ppm.

The findings demonstrate that an increase in the initial dye
concentration enhances dye removal efficiency. As the concentration
increased from 10 to 200 ppm, both the removal percentage and the
amount of dye adsorbed exhibited the following trends:

thermodynamic and equilibrium studies, pp1017-1044.
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NZ-BRss : The removal efficiency increased from 44.8% to
70.84% corresponding to an increase in adsorption capacity from
1.1 to 35.5 mg/g.

NZ-BY13 : The removal efficiency increased from 46.7% to
69.25% corresponding to an increase in adsorption capacity from
1.54-34.5 mg/qg).

HZ-BRss: The removal efficiency increased from 55.3% to
76.88% corresponding to an increase in adsorption capacity from
1.38-38.40mg/g.

HZ-BY13: The removal efficiency increased from 56.7% to
80.43% corresponding to an increase in adsorption capacity from
1.417-40.5mg/g.

NaZ-BRss: The removal efficiency increased from 85.16% to
97.62% corresponding to an increase in adsorption capacity from
2.12-48.35mg/g.

NaZ-BYis: The removal efficiency increased from 87% to
98.97% corresponding to an increase in adsorption capacity from
2.175-49.45mg/g.

These findings suggest that dye adsorption is direcly dependent on
the initial dye concentration in the solution. The observed variations in the
adsorption efficiency among different zeolites highlight the influence of
surface properties and activation methods on the adsorption process.
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Figure 9 — Effect of the initial concentration on the adsorption of dyes on natural and
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Table 4 — Langmuir constants for the adsorption of BR4s and BY13 on NZ, NaZ, and HZ

Langmuir isotherm

R? X2x107 dm K
NZ-BR4s 0.974 2.594 0.0130 17.770
NaZ-BRus 0.982 3.138 0.0156 36
HZ-BRus 0.954 0.16 0.0230 25.50
NZ-BY13 0.982 0.108 0.0085 41.301
NaZ-BY13 0.991 0.120 0.0131 34.121
HZ-BY13 0.988 0.374 0.0201 49.885
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Figure 11 — Non-linear Freundlish adsorption isotherms for BR4s and BY13
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Table 5 — Freundlish model constants of BR4s and BY13 removal on NZ, NaZ, and HZ

R? X2x10°7 Ks n

BR4s

NZ-BR4s 0.978 3.23 0.023 2.138

HZ-BR4s 0.999 1.493 0.026 2.868

NaZ-BRas 0.978 9.187 0.040 2.533
BY13

NZ-BY13 0.978 2.671 0.013 3.282

HZ-BY13 0.987 6.519 0.020 3.033

NaZ-BY13 0.984 4.068 0.03 3.075

By analyzing the correlation coefficient (R?) presented in Tables 4
and 5, it can be observed that the adsorption of dyes onto natural and
activated zeolites follows both the Freundlich and the Langmuir isotherm
model. These results imply that both monolayer and multilayer adsorption
processes may occur simultaneously, and the zeolites surface exhibit both
homogeneous and heterogeneous characteristics (Tian et al, 2016).
Moreover, the values of n (Table 5) are greater than 1, suggesting a
favorable adsorption process. These findings are consistent with the
results reported by (Karadag et al, 2007).

Effect of pH

The influence of pH on dye adsorption was investigated by variying
the initial solution pH (pHo) from 3 to 10 at 25 °C298 K. Adjustments were
made using 100 mol/m3 HCI or 100 mol/m® NaOH, while ensuring that all
other experimental conditions remained constant.
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Figure 12 — Effect of pH of the dye solution on the removal of dyes by NZ,HZ, and NaZ




As shown in Figure 12, the dye removal percentage initially decreased
with pH up to a certain level for the three zeolites before increasing. The
lowest removal percentages were observed at pH 8 for NZ, pH 9 for NaZ,
and pH 7 for HZ. This trend can be attributed to the variations in the surface
charge of each zeolite and the degree of dye ionization. In the acid
medium, the presence of H* creates competition with the dyes. At neutral
pH, protons and hydroxides are in equilibrium, while at higher pH, OH-
dominates. The observed fluctuations in the removal efficiency can be
effectively explained by the point of zero charge (PHZ).

Comparing the pH;and the PHZ values of NZ, NaZ, and HZ, it was
found that at the pH levels below the PHZ, the zeolite surfaces became
positively charged, favoring anion adsorption over cations. However, at the
pH levels above the PHZ, negative charges on the zeolites dominated,
leading to a preference for cation adsorption.

Thermodynamics of adsorption

Table 6 presents the thermodynamic parameters AG, AH, and AS for the
adsorption of BR4s and BY13 on NZ, HZ, and NaZ. The negative values of
AG at all temperatures indicate that the adsorption process is both
spontaneous and thermodynamically favorable. Furthermorer, as the
temperature increases, AG values decrease, suggesting that higher
temperatures enhance the favorability of adsorption. The positive values
of AH confirm that the adsorption process is endothermic. Additionally,
the positive values of AS indicate an increase in randomness at the solid-
liquid interface during adsorption, for both natural and activated zeolites.
These findings are consistent with the previous studies conducted by
Karadag et al. (Karadag et al, 2007).

Table 6 — Thermodynamic parameters of BR4s and BY13 adsorption on NZ, HZ, and NaZ

BYi3 BRys
AG®° (kJ/mol K) AH° AS° AG° AH° AS°
(kd/mol) | (J/mol) kJ/mol J/mol
K K
298K | 313K | 323K 298K | 313K | 323K
NZ _ _ _ 264.97 _ _ _ 242.41
6.055 | 24.55 | 33.80 | 0.925 13.87 | 26.77 | 35.37 | 0.86
Naz | -829 | - - 245.01 0.85 - - - 222.81 | 0.803
21.04 | 29.54 16.48 | 28.53 | 36.56
HZ - - - 276.21 0965 | - - - 229.8 0.821
11.36 | 25.83 | 35.48 14.85 | 27.17 | 35.38
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Conclusion

This study investigated the effect of modifying natural mordenite
zeolite with low concentrations of acid and alkaline solutions on the
removal of cationic textile dyes from aqueous solutions, comparing their
adsorption affinities. XRF and SEM-EDX analyses revealed that the HCI
treatment removed Al, while the NaOH treatment removed Si from the
zeolite surface, reducing their external framework content while preserving
the primary structure. FTIR spectroscopy indicated shifts, disappearance
of bands, and decreases in certain peaks for NaZ and HZ, attributed to
cation replacement by hydronium inons or the removal of aluminium and
silicon. These structural changes also influenced the PHZ of both natural
and modified zeolites. The results showed that NaZ exhibited the highest
removal efficiency compared to NZ and HZ for cationic dyes in aqueous
solutions. Equilibrium was reached gradually, stabilizing due to the high
number of active sites on the zeolite surface. The adsorption of BR4s and
BY13 on NZ, NaZ, and HZ was described by both the Langmuir and the
Freundlich models, while the pseudo-second-order model accurately
represented the adsorption process. The adsorption onto zeolites is
governed by a combination of film diffusion and intraparticle diffusion, with
zeolite  modification significantly influencing diffusion  kinetics.
Thermodynamic analysis indicated that dye adsorption was spontaneous,
random and endothermic.
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Resumen:

Introduccién/objetivo: La zeolita natural argelina (denominada NZ) se
modific6 mediante acido clorhidrico (HZ) y solucién de hidréxido de
sodio (Na2). Este estudio investigé el efecto de las modificaciones
acidas y alcalinas en la adsorciéon de dos colorantes textiles cationicos
(BR46 y BY13) en soluciones acuosas.

Métodos: : El analisis XRF confirmé que el SiO, es el mineral
predominante en las tres zeolitas. Los resultados de XRD revelaron que la
NZ esta compuesta principalmente de mordenita, con chabasita y un
contenido menor de cuarzo. El analisis MEB-EDX mostré ligeras
variaciones en el contenido de Si y Al para HZ y NaZ, sin alterar
significativamente la estructura de la zeolita. Se examinaron los efectos de
la concentracion inicial del tinte, el tiempo de contacto y el pH en un sistema
por lotes.

Resultados: La adsorciéon en NZ, NaZ y HZ aumenté con tiempos de
contacto mas largos, mayores concentraciones iniciales de colorante y
temperaturas elevadas. El equilibrio se alcanzé rapidamente, lo cual se
describe mejor mediante el modelo cinético de pseudo-segundo orden.
Los modelos de isotermas de Langmuir y Freundlich son compatibles
con los datos de adsorcion.

Conclusién: La mayor eficiencia de eliminacion de colorante se observo
para NaZ, con un 97,62 % para BR4sy un 98,97 % para BY13. Las tasas de
eliminacion mas bajas se obtuvieron a pH = 8 para HZ y pH = 10 para NZ
y NaZ. La adsorcion fue espontanea y endotérmica.

Palabras claves: zeolita, modificacién, &cido, alcalino, adsorcién,
colorantes cationicos
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BatHa, 05000, Amxupckas HapogHas JemokpaTtnyeckas Pecnybnvka

PYBPUKA TPHTWU: 61.13.21 Xumuyeckme npouecchl
BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Pe3some:

BeedeHue/uenb: Armxkupckull npupodHsIl yeonum (06o3HadyaeMbll Kak
NZ) 6bin modugpuyuposaH ¢ nomowbro consHol Kucnoms! (HZ) u
pacmeopa eudpokcuda Hampusi (NaZ). B daHHOM uccredosaHuu
U3YYEHO BNUSIHUE KUCIOMHbIX U WENI0YHbIX MoOugukayuli Ha
adcopbuyuro d8yx KamuoOHHbIX MeKCmusibHbIX Kpacumenel (BR46 u
BY13) u3 800HbIX pacmeopos.

Memodbl: PeHmeeHoghazosenili aHanu3 mnodmeepdusn, 4ymo SiO2
sensemcs ripeobnadarowum MUHEpPasioM 80 8CeX mpex ueosiumax.
Pesynbmambl peHmeeHoga308020 aHasnu3a nokasanu, 4ymo NZ e
OCHOBHOM cocmoum u3 MopdeHuma ¢ HebonbwuMm codepxaHUeM
wabasuma u keapua. AHanu3z MEB-EDX nokasan He3HadyumersibHble
usmeHeHuUs1 8 codepxaHuu Si u Al 8 HZ u NaZ 6e3 cyuwecmeeHH020
U3MeHEeHUSI cmpyKkmypbl ueonuma. BnusiHue HayarnbHouU
KOHUeHmpauyuu Kpacumerisi, 6peMeHU KOHmakma u pH 6bino
uccredosaHo Mo cepusiM.

Pesynbmamesi: Adcopbuusi NZ, NaZ u HZ ysenu4yueanach rpu 6onee
pPodomKUMebHOM 8PeMeHU KOHMmakma, yeesludeHuUU HadanabHoU
KOHUeHmpauuu Kpacumesns u nosbiweHuu memrepamypsl. banaHc
6b11 6bICMPO  yCcmMaHOBJIEH, 4MO Jly4We B8ce20 Oruchisaemcsi C
MoMoWbo KuHemu4yeckol modenu rncesdo-emopozo nopsidka. [ns
rnony4yeHusi 0aHHbIx 06 adcopbyuu nodxodssm kKak mModenu usomepm
JleHemropa, mak u ®pelHdnuxa.

Bbigodbl: Camasi ebicokasi aghghekmueHOcmb yOarneHusi Kpacumers
Habnwodanacs y NaZ - 97,62% 0ns BRss u 98,97% 0ns BYis.
HaumeHbwasi ckopocmb yOaneHusi Habnodanace npu pH = 8 y HZ u
pH=10 y NZ wu NaZ  Adcopbyus 6bina crioHmMaHHoU U
3HOOMepMUYECKOU.




Knwuesbie crosa: yeonum, wmoduchukayusi, Kucsoma, Wesoysb,
adcopbuyusi, KaAMUOHHbIE Kpacumersiu.

Yknawawe OCHOBHUX TEKCTUNHMX 6oja 13 Boae NOMONY NPUPOLHOT U
MOAMGUKOBAHOT arKUPCKOT 3e0nnTa: CTyanje U3 KMHeTUKe,
TEPMOANHAMUKE U PABHOTEXHUX CTaka

Hacuma Benrana?, aytop 3a npenucky, Moxamed Pedxa MeHanun®, Kamern
Edur Byxvpen ©

2 YHuBep3auteT y batHu 2, JllabopaTtopuja 3a MobGunmsaumjy 1 ynpasrbake
BOAHWUM pecypcuma, VIHCTUTYT 3a 3eMrbaHe Hayke 1 YHUBEP3yM,
decouc, BaTHa, Penybnuka Amxup

6 YHnBepanTeT y bathu 1, NlaBopaTtopuja xemuje 1 ekonoLuke xemuje, Oacek
3a xemujy, PakynTeT 3a Hayky o Mmatepwujany, batHa, Penybnuka Amkup

OBNACT: xemujcka TexHonoruja
KATEITOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: NpupodHu 3eonum (NZ) uz Armkupa ModughukosaH je nomony
X/10p08000HUYHe KucenuHe (HZ) u pacmeopa Hampujym-xudpokcuda
(NaZ). Osa cmyduja ucriumyje ymuuaj MoOugbukayuja KucessuHoMm u 6asom
Ha adcopnyujy dee kamjoHcke boje 3a mekcmur (BRys u BY13) u3 800eHux
pacmeopa

Memode: Ananusa XRF je nomepduna da muHepan SiO2 npeoenahyje y
cga mpu 3eonuma. Pesynmamu aHanuse XRD ykasyjy 0a ce NZ
npesacxo0Ho cacmoju 00 MopdeHuma, y3 xabasum u MarsU cadpxaj
keapua. AHanusa MEB-EDX je roka3sana marse eapujayuje y cadpxajy Si
u Al ko0 HZ u NaZ, 6e3 3HayvajHe MpPOMeHe y CmpyKmypu 3eoruma.
Ymuuyaju noyemHe KoHueHmpauuje 6oje, epemeHa KoHmakma u pH
8pedHoCcmu ucriumaxu cy o cepujama.

Pesynmamu: Adcopniuyuja NZ, NaZ u HZ nosehana ce ca Oyxum
8peMeHUMa KOHmakma, eUWUM [OYemHUM KOHUeHmpauujama 6oje u
rosuweHUM memrepamypama. PasHomexa je 6p3o 6una nocmueHyma,
wmo je Hajborbe onucaHo KUuHemuykum modesiom riceydodpyeoe peda.
UzomepmHU modenu u no JlaHemupy u no ®PpojHdnuxy odzoeapajy
adcopnyuoHuM rnodayuma.

Sakrbyyak: HajegpukacHuje yknararse 60je yodeHo je kod NaZ (97,62% 3a
BRu4s u 98,97% 3a BY13) . HajHuxe 6p3uHe yknarbar-a burne cy 3a pH= 8
k00 HZ u 3a pH=10 k0d NZ u NaZ. Adcopnuyuja je buna crioHmaHa u
eHOomepMHa.

Kmbyyne peyu: 3eonum, wmoducbukayuja, Kucesiocm, asnkasaHocm,
adcopnyuja, kamjoHcke b6oje
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