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ABSTRACT

The objective of our work is to study the adsorption of methyl orange dye over ZnALO, and ZnO-
ZnAlO, derived from hydrotalcite in order to highlight their potential as low-cost adsorbents for
the treatment of water. The materials ZnAl, Zn,Al were synthesized via co-precipitation method and
were characterized using various characterization techniques, which showed that the obtained mate-
rials corresponds to the compounds of hydrotalcite. Different parameters were studied to optimize
the process of methyl orange removal on samples derived from hydrotalcite, including the mass of
the adsorbent, the contact time, the concentration, and pH. On the other hand, adsorption isotherms
were studied using Langmuir and Freundlich models, as well as the effect of these solids on ther-
modynamic quantities. According to the results obtained, the ZnO-ZnAl,O, has the greatest adsorp-
tion capacity compared to the ZnALQO,. The interaction of these materials with the dye shows that
the adsorption kinetics are fast and follows a second-order adsorption rate expression. The maxi-
mum adsorption capacity determined by the Langmuir mathematical model is about 62.85 mg/g
for ZnO-ZnAl,O, and 46.24 mg/g for ZnALQO, and the thermodynamic study led to the conclu-

sion that the adsorption is endothermic and that the adsorption process is spontaneous.

Keywords: Adsorption isotherms; ZnO-ZnALO

274

Hydrotalcite; Methyl orange; Co-precipitation

1. Introduction

In recent decades, scientists, governments and civil
society have become aware of the threat of environmental
pollution which can endanger all kinds of lives [1,2]. This
threat not only poses human health problems, but also has
dangerous toxicological impacts on the environment [3].
Water pollution, linked to human activity, generally con-
sists of industrial discharges, in particular the textile indus-
try uses synthetic dyes [4]. The presence of these dyes in

* Corresponding author.

water is harmful even at the low doses and the increase in
its concentration leads to massive mortality of species, but
they also have less visible effects: eutrophication of the
environment [5].

There are several conventional processes applied in
wastewater decontamination such as biological treatments
[6], physico-chemical processes and adsorption [6-8].
These methods have proven effective but in most cases
very expensive.
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In this study, we opted for the adsorption process which
is considered as one of the promising methods which sat-
isfy all the qualities of a fundamental technology that
we are looking to forward to the wastewater treatments
[9]. In this sense, research focuses on the development of
new materials with effective and selective properties of
adsorption or catalytic degradation of these pollutants.

The double lamellar hydroxides (LDHs) also known as
anionic clays or hydrotalcite compounds [10]. Hydrotalcite
materials are quite rare in nature but relatively required and
simple to synthesize in the laboratory [10,11]. These mate-
rials have functional properties associated with specific
structural properties, their ability to trap negatively charged
species by surface adsorption or anion exchange thanks to
their positive surface charge and the flexibility of the inter-
layer reflect their potential applications as ion exchangers,
catalysts or catalyst carriers, adsorbents for removing pollut-
ants from solutions [12]. The general formula of hydrotalcite
can be expressed as follows: [M}" M>*(OH),][A"],,,,yH,O
, where M?* and M are di- and trivalent metal cations in
the octahedral positions of brucite-like layers and A" is an
interlayer anion. Several research studies have investigated
the adsorption of methyl orange (MO) on different types
of hydrotalcite. However, they have done little work on
the adsorption of MO by ZnAl hydrotalcite. Investigations
carried out by Machrouhi et al. [13] showed that highest
adsorption capacity of patent blue V dye by Zn/Al hydrox-
ide occurred and calcined forms at acidic medium. Thus,
the optimal conditions to achieve high equilibrium adsorp-
tion capacity were achieved at pH = 5, adsorbent dos-
age = 100 mg/L, and initial dye concentration = 15 mg/L by
calcined ZnAl.

ZnAl-layered hydrotalcite synthesized by the urea
method were efficiently utilized by El Khanchaoui et al. [14]
for their photocatalytic activities for the removal of Congo
red (CR) dye from water. They concluded that the amount
of CR uptake onto hydrotalcite increases with increasing
initial dye concentration and temperature from 25°C to
245°C.

The purpose of this paper is to study the effect of the
mixed oxides (ZnALO, and ZnO-ZnAlLO,) derived from
their precursor ZnAl-hydrotalcite on adsorption of methyl
orange (MO). The adsorbent properties of hydrotalcite com-
pounds with respect to MO dye have been studied as well
as the various parameters influencing adsorption such as
the molar ratios (Zn?/Al* = 0.5 and 2), the mass of the mate-
rial, the contact time, the concentration, and the tempera-
ture of the reaction medium. We have also developed some
isotherms and kinetic models in order to better understand
the adsorption mechanism of dye molecules.

2. Materials and methods
2.1. Materials

The necessary chemicals used in this study were of ana-
lytical grade such as methyl orange (MO), NaOH, HC],
Zn(NQO,),:6H,O and AI(NO,),-9H,O. These products were sup-
plied by the chemical company Merck (Taufkirchen, Germany)
and used without further purification. The physico-chemical
properties of methyl orange (MO) are given in Table 1.

2.2. Preparation of the adsorbents

ZnAl, and Zn, Al have been synthesized easily, accord-
ing to the co-precipitation method described elsewhere [16]
with two molar ratios (Zn/Al = 0.5 and 2). The aqueous solu-
tion of Zn(NO,),-6H,O and AI(NO,),-9H,0O was added drop-
wise to a solution of NaOH (2 M) under stirring. Next, the
gel obtained was aged at 100°C for 15 h with vigorous stir-
ring. Finally, the product obtained was filtered and washed
with distilled water, then dried and finely ground. The sam-
ples were calcined under air from room temperature up to
600°C in increments of 5°C/min and held for 5 h at the ulti-
mate calcination temperature to produce the mixed oxides.
The metal oxides obtained by calcining ZnAl, and Zn Al
are respectively named: ZnAl,O, and ZnO-ZnALQO,.

2.3. Adsorption test

The adsorption of MO contained in aqueous solutions
on the ZnAlLO,, and ZnO-ZnAl,O, materials was investi-
gated as an effect of adsorbent mass 50-300 mg, initial dye
concentration 10-150 mg/L and temperature 25°C-70°C.

Equilibrium adsorption experiments were used to inves-
tigate methyl orange dye removal. During these experi-
ments, 20 mL of MO solution at an initial concentration of
dye fixed at 100 mg/L was placed in a 100 mL flasks con-
taining 50 mg of the suspended sorbent. These flasks were
placed in a reciprocating multi-position shaker with stirring
at 250 rpm and at a constant temperature 25°C.

The effect of adsorbent mass, adsorbate concentration
and temperature were studied respectively in the ranges of
50-300 mg, 10-150 mg/L and 25°C-70°C. We also examined
the effect of solution pH on the adsorption capacity, series
of MO solutions were prepared by adjusting the pH in a
range of 2.0-12.0 using a solution of HCI or NaOH. After a
previously fixed stirring time, the solution with the adsor-
bent is recovered and then filtered; the recovered filtrate is
analyzed by visible UV Spectroscopy (Spectrophotometer
PMC Milliot brand UVmini-1240) by measuring the absor-
bance at A__ . The adsorption capacity of dye or amount
of dye adsorbed (Q,) presented in mg/g was determined
by using Eq. (1) [17]:

(C,-C)Vv

m

Q= )
where C, and C, are denoted as initial and equilibrium dye
concentrations (mg/L), respectively, m is the mass of the
adsorbent used (g) and V volume (L) of the solution.

Table 1

Physico-chemical properties of methyl orange [15]
Usual name Methyl orange
Chemical formula C,H,,N,NaO,S
Molecular weight (g/mol) 327.33 g/mol
Solubility in water (g/L) 5 (20°C)
A, (nm) 438
pKa 35
Density (g/cm?) 1.28
Melting point (°C) 300
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2.4. Characterization of adsorbent

The chemical composition of each material was estimated
using atomic absorption spectroscopy (AAS) with Varian
SpectrAA 110 (Milton Freewater, Oregon, USA). The disso-
lution of solids was affected in the presence of nitric acid.
The specific surface area of samples and pore size distribu-
tion calculations were determined by nitrogen adsorption
using standard Brunauer-Emmett-Teller (BET) and Barrett—
Joyner-Halenda methods. Adsorption isotherms of nitrogen
at 77 K under study was recorded using a static volumetric
apparatus ASAP 2020 (Micromeritics, Norcross, GA, USA).
The structure of samples was confirmed by X-ray powder
diffraction with a Seifert C-3000 diffractometer (Germany)
with filtered CuKa (A = 1.5418 A). Fourier-transform infra-
red (FTIR) spectra were recorded on an ALPHA Bruker
(single reflection diamond ATR) spectrometer in the region
400-4,000 cm™.

3. Results and discussion
3.1. Chemical analyses

The experimental molar ratios and the chemical formu-
las of the obtained products are shown in Table 2.

The results of the elemental analysis by AAS show
that the molar ratios Zn*/Al’" are in good agreement with
those calculated, taking into account the initial salt concen-
tration. This confirms the quantitative precipitation of the
precursor salt.

3.2. X-ray diffraction analysis

The X-ray diffraction (XRD) spectra of the uncalcined
samples are shown in Fig. 1a and b. These spectra essen-
tially show a strong crystallinity of the framework of the
hydrotalcite. XRD patterns for this type of materials showed
several diffraction peaks [18].

® Sharp symmetrical diffraction peaks around 20 = 11.65°,
23.43°, 35.3° corresponding respectively to the dif-
fraction plane (003), (006), (012).

* Broad asymmetrical peaks corresponding to planes (015),
(018), (110) and (113) are clearly distinguished between
37° and 75°. These two types of peaks constitute a kind
of fingerprint of the formation of the crystalline struc-
ture of hydrotalcite [19]. Fig. 1a and b gather also the

Table 2
Chemicals composition, proposed formulas and the Brunauer—
Emmett-Teller surface for the prepared samples

Samples Molar ratios Chemical formulas S,

(m?/g)
nM** (1 _ X) 20 N3+
R= {nM& } - |: x [M(lfx)M(lfx)]

ZnAl, 053 Zn, Al 67.79

ZnALO, - - 45.40

ZnAl 222 Zn, LAl 96.48

ZnO- - - 155.07

ZnAlLQO,

X-ray diffraction spectra obtained after calcination. It is
known that the calcination of hydrotalcites leads to their
dehydration (-H,0) then to dihydroxylation (-HO")
and decarboxylation (-CO,?) which are accompanied
by the collapse of the lamellar structure when the cal-
cination temperature is high enough [18,20]. The X-ray
diffraction spectra obtained after calcination shows, the
disappearance of the diffraction lines characteristic of
the hydrotalcite structure and appeared of the mixed
oxides. The diffraction pattern of Zn,Al calcined gives
the ZnO (JCPDS 36-1451) predominantly phase and
ZnALQ, spinel (JCPDS 12-0328) as a secondary phase.
Thus, the X-ray diffraction spectra of the calcined ZnAl,
shows the formation of the pure ZnAl O, spinel phase.

3.3. FTIR spectra analysis

The infrared spectra of uncalcined and calcined sam-
ples are represented in Fig. 2a and b. FTIR spectra for uncal-
cined samples show various absorption bands which are
characteristics of hydrotalcite structure containing mainly
carbonate anions. The broad band around 3,380 c¢cm, is
attributed to the valence vibration of the hydroxyl groups
of water molecules and the hydroxyl groups of the brucite
layers. The absorption at 1,635 and 1,600 cm™, respectively
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Fig. 1. X-ray diffraction patterns of (a) ZnAl, ZnAlLO, and
(b) Zn,Al, ZnO-ZnAl,0,.
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in the case of ZnAl, and Zn,Al samples, corresponds to the
O-H bending vibration of water molecules in the interlayer
space, while the bands at 1,325-1,330 cm™ characteristic
of the -CO?Z groups from carbon dioxide (CO,) of the air.

The bands of base frequency vibration that appear below
1,000 cm™ are due to metal-oxygen or oxygen-metal-oxygen
bonds, so the bands at 715 and 750 cm™ are attributed to
valence vibration MO (Zn-O) [20]. FTIR spectra of the cal-
cined samples at 600°C, are illustrated also in Fig. 2a and b.
After calcination, trace amounts of the carbonate were found
around 1,330 cm™ formed from atmospheric carbon dioxide.
A strong decrease of the peak located around 1,600 cm™ is
also observed. These changes are due to the loss of water
molecules in the interlayers. Below 1,000 cm™, the absorp-
tion peaks of the Zn-O and/or Al-O stretching and bend-
ing vibration modes was observed. The result suggests the
phase transformation of hydrotalcite into mixed oxides;
which was in good agreement with the reported XRD pattern
results (Fig. 1).

3.4. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) images for uncal-
cined and calcined solids shown in Fig. 3. The SEM images
of ZnAl, (Fig. 3a) and Zn, Al samples (Fig. 3b), show irregular

@ ZnALO,
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Fig. 2. Fourier-transform infrared spectra of (a) ZnAl,, ZnAl,O,
and (b) Zn,Al, ZnO-ZnAl0O,.

hexagonal platelet-like sheets; the hexagonal morphology
typical of hydrotalcites. Similar results were observed by
Yu et al. [21] for ZnAl-CO, and MgAI-CO, hydrotalcites.

However, ZnAl O, (Fig. 3c). and ZnO-ZnALO, (Fig. 3d)
show a mixture of irregular crystalline compared with the
samples before calcination. The aggregated particles may
be attributed to the mixed oxides due to the removal of
water, nitrate and carbonate from the interlayer space of the
hydrotalcite structures [21].

3.5. BET surface analysis

The nitrogen adsorption/desorption isotherms and the
pore size distribution curves of the Zn,Al, ZnAl, ZnAl,O,
and ZnO-ZnAl,O, samples are given in Fig. 4. According
to the International Union of Pure and Applied Chemistry
(IUPAC classification), the Zn, Al and ZnAl, samples exhib-
ited a type IV isotherm with H1 hysteresis loop due to the
typical layered structures of hydrotalcites. While the N,
adsorption—desorption isotherms of ZnALO, and ZnO-
ZnAlO, samples exhibit type IV isotherms with the hys-
teresis type H3, which are typical of mesoporous and slit
shaped materials character with a pore size that varies
between 2 and 50 nm [21].

The results obtained (Table 2) show that the specific sur-
face of Zn,Al presents the highest surface area (96.48 m?/g)
compared to Zn Al (67.79 m?/g). The specific surface area of
the two samples increases after calcination at 600°C. This
result can be explained by the fact that during the calci-
nation step, the solids undergo degassing phenomena of
H,O and CO,* (in the form of CO,) that are found in the
pores on the surface of the materials [22]. This phenome-
non leads to a decrease in pore size and an increase in spe-
cific surface area.

3.6. pH of the zero point of charge pH

The pH at the point of zero charge (pH,,) of an adsor-
bent is an important parameter for characterizing the sol-
id-solution interface, it corresponds to the pH for which the
surface of the solid has zero charge.

The graph that represents the ApH as a function of
the initial pH allows us to determine the pH_ = which cor-
responds to ApH = 0, or final pH = initial pH (ApH = final
pH - initial pH). According to Fig. 5, the pH , of ZnAlLO, and
ZnO-ZnAlL O, are respectively 6.1 and 7.2. For pH > pH
the surface is negatively charged, while for pH <pH_, t
surface is positively charged.

C/

3.7. Adsorption of methyl orange on hydrotalcite
3.7.1. Effect of the pH

The pH of the solution is an important parameter that
affects the dye adsorption process. It also modifies the sur-
face charge of the adsorbent [23].

The effect of pH on the adsorption of MO by ZnALQO,
and ZnO-ZnAlL O, was investigated from pH 2 to 11, while
keeping all other parameters constant. Fig. 6 represents
the variation of adsorption quantities of MO in function
of solution pH. It is clear that the performance of ZnO-
ZnAlLQO, was better than ZnAlL O, in the adsorption of MO
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Fig. 3. Scanning electron microscopy images: (a) ZnAl,, (b) Zn,Al, (c) ZnAlO, and (d) ZnO-ZnAL0O,.

from the aqueous solution at different pH values studied.
As depicted in Fig. 6, adsorption quantities of MO increased
moderately to up to 44.5% at pH 6 for ZnAl,O, and 52.2%
at pH 7 for ZnO-ZnAlO,. In an aqueous solution, MO mol-
ecules can lose a proton, leading to the formation of sul-
fonate group (-SO,") ions. This deprotonation results in the
MO molecule having a negative charge. In the meanwhile,

the adsorbents (ZnAl,O, and ZnO-ZnALQ,), have a posi-
tive surface because the oxygen atoms on these materials
are protonated. This positive surface generates electrostatic
attraction between the negatively charged MO ions and the
positively charged adsorbent surface, promoting adsorption
[24]. However, the removal efficiency of MO decreases at pH
levels between 7 and 11, this decrease can be attributed to the
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Fig. 4. Nitrogen sorption isotherms of (a) ZnAl, ZnAl O, and
(b) Zn,Al, ZnO-ZnAlLO,.
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Fig. 5. Determination of the pH of the zero point of charge
“pH,,” on the ZnALO, and ZnO-ZnALO, (C, = 100 mg/L,
T =25°C, Va =250 rpm).

more negatively charged sites existed on the surface of adsor-
bent at higher pH, which is adverse for the adsorption of MO
due to electrostatic repulsion. On the other hand, there are
more OH ions that compete with anionic dye for the finite
adsorption sites in the alkaline aqueous solution [25].

60

o5 ZnO-ZnAl,O,

Q (mglg)

Initial pH

Fig. 6. Effect of pH on the adsorption of methyl orange
on ZnAle4 and ZnO—ZnAlZO4 (C, = 100 mg/L, adsorbent
mass =50 mg, T =25°C and Va =250 rpm).

3.7.2. Effect of contact time and initial methyl orange
concentration

Fig. 7a and b represent the adsorption quantities of MO
for the two adsorbents at various initial methyl orange con-
centrations 10-150 mg/L at a temperature of 25°C, pH = 6.2
and with an adsorbent dosage of 50 mg. The results obtained
show that the adsorption capacity of the dye increases
with the increase in the initial concentration of MO, for the
two adsorbents.

This is due to the high driving force to overcome the
resistance to the mass transfer of dye between aqueous and
the solid phase. Therefore, a higher initial concentration of
dye will enhance the adsorption process, this agrees with
Hanoon et al. [26] and Yang et al. [27].

3.7.3. Effect of the amount of adsorbent

The mass of adsorbent is an essential parameter in
adsorption studies because it determines the capacity of
the adsorbent for a given initial concentration of adsorbate
solution.

The results about the effect of dosage on adsorption are
described in Fig. 8.

The results showed that the adsorption quantities of MO
decreases from 52.2% to 18.6% and from 44.5% to 13.7% with
increasing adsorbent dosage from 50 to 300 mg for ZnO-
ZnALQO, and ZnALQO,, respectively. This can be explained
by the formation of excessive active sites on ZnO-ZnALQO,
and ZnAlO, at higher adsorbent dosage, which leads to
many vacant sites, while the number of adsorbate molecules
remains constant. Considering the economic and adsorp-
tion performance aspects, 50 mg of adsorbent would be
practical for an application as an optimal dosage [28].

3.8. Adsorption isotherms

In general, adsorption isotherms provide information
on adsorbent enhancement, description of affinity and bind-
ing energy between adsorbate and adsorbent, and adsorp-
tion capacity [29]. Several adsorption isotherms are often
used in the literature such as: Langmuir and Freundlich [30].
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Fig. 7. Effect of the initial concentration of methyl orange
and the contact time on the adsorption of methyl orange on:
(@) ZnAlL,O, and (b) ZnO-ZnAlLO, (adsorbent mass = 50 mg,
T =25°C, pH=6.2 and Va =250 rpm).

The Langmuir model is the most widely used model
to describe the adsorption process, it suggests monolayer
adsorption on a surface with a finite number of identical
sites. It is expressed by Eq. (2):

1 1 1

e @
Q Q. Q,xK,xC,
where C, (mg/L) denotes the concentration of adsorbate at
adsorption equilibrium, Q, (mg/g) is the adsorption capac-
ity, Q, (mg/g) is the maximum adsorption capacity, and
K, (L/mg) is the Langmuir adsorption constant.

The applicability of an adsorption can still be defined
from a dimensionless constant called the separation factor
or equilibrium parameter R, Eq. (3) [31].

Table 3
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Fig. 8. Effect of adsorbent mass on the adsorption of methyl
orange on ZnAl,O,, and ZnO-ZnAlO, (C, =100 mg/L, T = 25°C,
pH =6.2 and Va =250 rpm).

1
RL:(1+1<LXCO) ®

R, > 1 the adsorption conditions are unfavorable; R, <1
the adsorption conditions are favorable; R, = 0 adsorption
is irreversible.

The Freundlich model assumes that adsorption occurs
on heterogeneous surfaces with formation of more than one
adsorption monolayer on the surface with possible inter-
actions between the adsorbed molecules [32].

The linear form of the Freundlich isotherm can be
expressed as:

In(Q,)=~In(C,)+In(K,) )

n

where K, (mg/g) is the Freundlich adsorption constant and
n is a constant depending on the nature of the adsorbate
and the temperature.

For low values of 1 (0.1 <n < 0.5) the adsorption is good,
while the highest values reveal moderate (0.5 < n < 1) or
weak (1 > 1) adsorption [32].

In our study, the linear plots of these isotherm models
are illustrated in Fig. S1 for the adsorbents ZnAl,O, and
ZnO-ZnAlLO, for comparison purposes and all of their
coefficients are listed in Table 3.

Adsorption isotherm parameters of methyl orange on ZnAlL O, and ZnO-ZnALO,

Adsorbents Langmuir model Freundlich model

K, (L/g) Q, (mg/g) R? R, n Kf (mg'™L")/g R?
ZnAlQ, 0.217 46.24 0.9842 0.0468 3.12 10.571 0.9513
ZnO-ZnAlLQO, 0.174 62.85 0.9920 0.0543 2.85 13.136 0.9677
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In the light of these results, we can conclude that the
Langmuir model seems the most appropriate to describe the
phenomenon of fixation of MO ions on the two adsorbents,
this with regard to the values of the higher correlation coef-
ficients and close to 1 (0.9920 for ZnO-ZnAl,O, and 0.9842
for ZnAl,O, and the R, values (0 < R, < 1). The maximum
adsorption capacity calculated for ZnO-ZnAl O, is equal
to 62.85 mg/g higher than that calculated for ZnAlO,, this
leads to say that ZnO-ZnALQO, has the highest ability to
remove MO molecules.

3.9. Adsorption kinetics

There are several kinetic models to study the adsorption
mechanism, in the present work, two kinetic models have
been selected namely the pseudo-first-order kinetic model,
the pseudo-second-order kinetic model and intraparticle
diffusion model [33]. The linear forms of kinetic models:

3.9.1. Pseudo-first-order kinetics model

This kinetic model assumes that the adsorption rate
at a time “t” is proportional to the difference between the
quantity adsorbed at equilibrium and that at time “t”.

The pseudo-first-order equation can be expressed as:

In(Q,-Q,)=-Kt+In(Q,) (5)
where K| is the rate constant for pseudo-first-order.

3.9.2. Pseudo-second-order model

In the field of adsorption, the pseudo-second-order
model is a model that is often used to describe the kinet-
ics of adsorption processes. It suggests that the adsorp-
tion mechanism involves chemisorption, which is a type of
adsorption where there is a strong interaction between the
adsorbate molecule and the solid adsorbent, including the
exchange of electrons.

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

Table 4

N. Aider et al. / Desalination and Water Treatment 316 (2023) 185-197

t t 1
— =t 3
Qt Qe KZQc

(6)
where K is the rate constant for pseudo-second-order.

3.9.3. Intraparticle diffusion model

The intraparticle diffusion model, also known as the
Weber and Morris model [34], is a mathematical repre-
sentation used to understand and describe the diffusion
mechanism involved in the process of adsorption. The
model was proposed by Weber and Morris, and it aims
to analyze the rate at which solute molecules or particles
diffuse into the interior of adsorbent particles.

This model is represented by Eq. (7):

Q, =K xt* +C @)

where Q, (mg/g) represents the adsorption capacity at time ¢,
C (mg/g) is the intercept which represents a constant related
to the thickness of the boundary layer and K, (mg/g-min'?)
is the intraparticle rate constant.

The linear plots of these kinetic models are illustrated
in Figs. S2 and S3 and all of their parameters are listed in
Table 4.

The kinetic parameters determined from the experi-
mental data of adsorption of MO on the two adsorbents
indicate that the values of the correlation coefficient (R?) for
the second-order model present a better description of the
kinetics of the adsorption reaction vs. the first-order model
for all initial concentrations, intraparticle diffusion model
and the process of the MO adsorption reaction. The pseu-
do-second-order rate constants decrease with increasing
initial concentrations of MO. This implies that the compe-
tition to access the active sites of the adsorbents is greater
for higher concentrations. Therefore, the adsorption rate will
become lower.

In order to determine the diffusion coefficient for the
reaction between MO and ZnAlLO, and ZnO-ZnAlO,
and assess whether adsorption is diffusion-controlled, we

Kinetic parameters of methyl orange adsorption on ZnALO, and ZnO-ZnALO,

Adsorbents  Initial Pseudo-first-order, pseudo-second-order parameters and intraparticle diffusion model
concentration KA Q. R2 K, 102 Q. R2 K, C R? Qmp
(me/e) (min) _(mg/g) (8/mgmin) _(mg/e) (mg/gmin') _(mg/g) (mg/g)
ZnAlLQO, 150 10.50  29.06  0.764 3.56 4853 0999 5.05 19.54  0.601 46.33
100 9.70 20,22 0984 5.08 4468 0999 372 1420  0.607 40.81
70 8.30 1535  0.863 5.78 2778 0999 230 8.58 0.619 36.37
30 8.00 1026 099 7.78 1945 0999 1.64 5.59 0.657 2458
10 6.60 10,80  0.677 9.82 1027 0.997 0.90 2.25 0.760 10.03
ZnO- 150 10.60  47.94 0986 0.284 6849 0999 5.70 2130  0.618 68.05
ZnALO, 100 9.40 4126  0.820 0.562 6024 0999 524 1325 0771 59.21
70 7.60 22.74 0.706 1.186 55.86 0999 4.84 14.21 0.711 45.03
30 6.50 2124 0736 2.695 3937 0999 325 1225  0.613 39.72
10 5.10 11.24 0931 6.144 38.91 0999 347 10.90 0.686 38.11
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plotted the variation of the fixed quantities as a function
of the square root of the time Q, = f(t'?) for the two adsor-
bents (Fig. 9). The intraparticle diffusion model shows that
the curve is composed of two separate linear parts [34,35].
The first is the step that controls the effect of the boundary
layer, it is attributed to diffusion at the outer surface of the
material. Once the latter is saturated, the particles of methyl
orange penetrate the internal surface of the particles through
the pores, this is the stage which corresponds to intraparti-
cle diffusion. Previous studies have shown similar results
in adsorption of Eriochrome and adsorption of textile [36].

3.10. Thermodynamic study

The equations mentioned below allowed us to determine
the thermodynamic parameters at equilibrium character-
izing the phenomenon and the strength of the adsorbate—
adsorbent bonds, such as free energy change (AG®), enthalpy
(AH®) and adsorption entropy (AS°).
AG®=-RT xIn(K,) ®)

The distribution coefficient “K,” is calculated from
the Eq. (9):

©)

The standard enthalpy “AH” and the standard entropy
“AS” of adsorption can be determined from van't Hoff’s
equation:

60 ZnO-ZnAlLO, /E
50 /
/E’\—fi/i
— 40
=
=2}
E 5 ZnAlLO,
<}
20
10
o : . : : : s
(o] 2 4 6 8 10 12

t 1/2 (min1/2 )

Fig. 9. Intraparticle diffusion for the adsorption of methyl
orange, ZnAIZO4 and ZnO-ZnAle4 (C, = 100 mg/L, adsorbent
mass =50 mg, T =25°C, pH = 6.2 and Va =250 rpm).

Table 5
Thermodynamic parameters of methyl orange adsorption
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_AS®AHP
R RT

In(K,) (10)
where AG is the standard free energy change (kJ/mol), T is
the temperature in Kelvin, R is the universal gas constant
(8.314 mol/K), Q, (mg/g), is equilibrium adsorption capacity,
and C, (mg/L) is the equilibrium concentration of dye.

The plot of In(K,) as a function of 1/T is shown in
Fig. 10, and the thermodynamic parameter results obtained
are grouped in Table 5. The positive values of the variation of
the standard enthalpy AH® (AH® > 0) confirm that the process
of adsorption of MO on the two adsorbents is endothermic
[38]. These values are less than 40 kJ/mol (AH® < 40 kJ/mol).
This implies that the adsorption process is reacted by a phys-
ical phenomenon (physisorption) in which the adsorbed MO
molecules are bound by Van der Waals forces and electrostatic
forces of attraction-repulsion of small energies. Negative
values of AG® at different temperatures indicate the sponta-
neous nature of the adsorption process. The decrease in AG®
with increasing temperature shows that adsorption is more
favorable at low temperature. The negative value of AS® indi-
cates that there is a decrease in disorder in the solid/solute
interface solution system during the adsorption process [37].

3.11. Study after adsorption

To explain the mechanism of interaction between the
groups responsible for the adsorption and the dyes, we

1,0 5
0,9
0,8
0,7

0,6

Ln Ky

0,5 4
0,4 ZnO—ZnAI204

0,3

0,2

T T T
0,0031 0,0032 0,0033

1T (°K)

T T
0,0029 0,0030

Fig. 10. Plot and as a function of 1/T for ZnA1204 and ZnO-
ZnAlO, (C, =100 mg/L, adsorbent mass = 50 mg, pH = 6.2 and
Va =250 rpm).

Temperature (°C) ZnAlQ, Zn0O-ZnAlQO,
AG (kJ/mol) AH (kJ/mol) AS (kJ/mol) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol)
25 -0.754 -0.356
4 -1.324 -1.061
0 3 10.57 0.038 06 13.65 0.047
50 -1.704 -1.531
70 —2.464 —2.471
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analyzed catalysts by FTIR and SEM technique before and
after the MO adsorption (Figs. 11 and 12). The FTIR spectra
of catalysts before and after adsorption are shown in Fig. 11.
Some new bands appeared on ZnO-ZnAlO, spectrum after
the adsorption of MO. The bands at 1,629; 892; 1,313.7 and
1,115 cm™ were attributed to -C=C, -C-H, the -C=N and
-5=0, respectively, according to the literature [38,39]. In this
work, the -C=N band was observed at 1,387 cm™ (Fig. 11b).
The bands observed at 1,655 cm™ indicate the presence of the
vibration of C=C stretching in phenyl groups of MO [39,40].
Stretching modes of —-5=O are observed at 1,045 cm™, -C-H
bending was observed at 890 cm™ and —-CH, vibrations
was observed at 1,530 cm™ [40].

SEM images of ZnO-ZnAl,O, before and after adsorp-
tion show an almost ordered and highly porous lamellar
structure with fine particles (Fig. 12a). After adsorption,

after adsorption

before adsorption

Transmittance (%)

1600

T T T
1500 1000 500

Wave number (cm™)

r T T T T
4000 3500 3000 2500 2000

Fig. 11. Fourier-transform infrared spectra of ZnO-ZnAl,0, (a)
before adsorption and (b) after adsorption of methyl orange.
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it was observed that the surface was covered with the MO
(Fig. 12b), which presents a morphology in the form of
clusters of irregular fine shiny aggregates distributed in a
random manner. These observations clearly indicate the
presence of MO in the surface of ZnO-ZnALQO,.

3.12. Suggested mechanism

The proposed mechanism suggests that methyl orange
(MO) adsorption on a material composed of ZnO-ZnAl0O,
involves electrostatic interactions between MO and hydroxyl
ions at adsorption sites on ZnO-ZnAl,O, with a positive
charge. Methyl orange (MO) contains a 3-amino group and
a sulphonyl group, and the sulphonyl group is negatively
charged due to its low pKa value. This negative charge
makes MO an anionic dye. ZnO-ZnAlLQ, is the adsorption

o
% c%;_o-_____on—O
-
@) O
o> T ) N
I zn Al Al
S Yo~
= e tZn-O
= i
o @)
o I N
= U “n Al
11 Al
o N
2—& - __ Zn-O

————— Electrostatic attraction

Fig. 13. Suggested mechanism of methyl orange removal by
ZnO-ZnAlO,.
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Fig. 12. Scanning electron microscopy images of ZnO-ZnAlQ, (a) before adsorption and (b) after adsorption of methyl orange.
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Fig. 14. Kinetic adsorption’s comparison of methyl orange
using a fresh and a regenerated ZnO-ZnAl,O, (C, = 100 mg/L,
adsorbent mass = 50 mg, T = 25°C, pH = 6.2 and Va =250 rpm).

material, and it is suggested to have positive charge sites
available for adsorption. When MO, which is negatively
charged, comes into contact with the positively charged
adsorption sites on ZnO-ZnAlLO,, electrostatic attractions
occur. The hydroxyl ions present in the system can further
facilitate the adsorption process. The mechanism suggests
that MO interacts with hydroxyl ions, which may be pres-
ent on the surface of ZnO-ZnAlO,, and this interaction could
aid in the adsorption of MO [41]. Overall, the proposed
mechanism describes the electrostatic attraction between
the negatively charged MO and positively charged adsorp-
tion sites on ZnO-ZnAl O,, along with potential interactions
with hydroxyl ions, may drive the adsorption of MO onto
the material. This electrostatic interaction is a common phe-
nomenon in adsorption processes and is frequently used to
explain the adsorption of charged species on solid surfaces.

3.13. Regeneration of ZnO-ZnALQ,

The regeneration of the ZnO-ZnAlO, adsorbent was
carried out by washing with pure alcohol then agitated for
48 h. The solid obtained is filtered by centrifugation and
washed with distilled water. After drying in an oven at 60°C
overnight, the ZnO-ZnAl,O, sample was reused for other
adsorption tests. Fig. 14 shows the MO adsorption kinetics
of fresh and the regenerated ZnO-ZnAl,O,. As can be seen,
the regenerated adsorbent has an adsorption capacity almost
similar to that of the fresh adsorbent.

This indicates that the regeneration process has been
highly effective in restoring the adsorbent’s functionality
while minimizing waste and costs. When the regenerated
adsorbent retains a capacity close to that of the fresh adsor-
bent, it suggests that the regeneration process successfully
removed the adsorbed substances and restored the adsor-
bent’s active sites.

4, Conclusion

The results obtained in this study suggest that hydro-
talcite are very effective adsorbents for anionic dyes like

methyl orange (MO). ZnAl, and Zn,Al, were synthesized
by co-precipitation method. The ZnAl,O, and ZnO-ZnALO,
mixed oxides obtained after calcined of ZnAl, and Zn Al
at 600°C, respectively. The samples were characterized by
different physico-chemical techniques such as XRD, FTIR,
BET method and SEM analysis.

The results obtained relating to the kinetics, thermody-
namics and adsorption isotherms were used to clarify the
mode of attachment of the dye to the adsorbent. We stud-
ied the capacity of elimination of MO in aqueous solution
on our synthesized materials. The elimination was followed
according to the reaction parameters such as: the initial
pH of the solution, the mass of the adsorbent, the concen-
tration of the adsorbate and the contact time. In this study,
we obtained a neutral pH of the solution which can largely
promote the adsorption of MO. We have deduced that the
material ZnO-ZnAlLO, has the greatest adsorption capacity
compared to the material ZnAlL,O, due to its large specific
surface area (155.07 m?/g). The adsorption kinetics followed
a pseudo-second-order kinetic model. The experimental
equilibrium data were well fitted by the Langmuir isotherm
model with the correlation coefficient greater than 0.9920.
The thermodynamic parameters showed that the adsorp-
tion process was spontaneous and endothermic.
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Fig. S1. (a) Langmuir isotherms and (b) Freundlich isotherms for the adsorption of methyl orange on ZnAl,O, and ZnO-ZnAl O,
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Fig. S2. Pseudo-first-order kinetics for the adsorption of methyl orange on: (a) ZnAl,O, and (b) ZnO-ZnAl,O, (C, =100 mg/L, adsor-
bent mass =50 mg, T =25°C, pH = 6.2 and Va =250 rpm).
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Fig. S3. Pseudo-second-order kinetics for adsorption of methyl orange on: (a) ZnAl,O, and (b) ZnO-ZnAlO, (C,=100 mg/L, adsorbent
mass =50 mg, T=25°C, pH =6.2 and Va =250 rpm).
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