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ABSTRACT: Our work is related to the use of adsorption as an effective physical method for water
treatment contaminated with toxic dyes generated by various industries. We focused on the adsorption/removal
of Methyl Orange (MO) dye from an aqueous solution using a new hybrid organometallic-based
material constructed via In-Situ polymerization of Zinc-building units connected by coordination bonds
to 4,4'-Carbonyldiphthalic acid (H/CDPA) as a flexible multidentate organic ligand under
solvothermal conditions with an amount of Maghnite-H', an acid-exchanged montmorillonite clay
to obtain Zn-CDP/Mag-H" extremely stable thermally with an onset temperature of degradation
upper to 460°C as shown by Thermogravimetric Analysis (TGA). The structure of this material is confirmed
by Fourier Transform InfraRed (FT-IR) spectroscopy and X-Ray Diffraction (XRD). The effect
of different parameters such as adsorbent mass, initial dye concentration, contact time, and pH
of solution on the adsorption capacity of this material is investigated using UV-Visible spectroscopy.
The kinetic study shows that the adsorption process of MO is very fast and well-described
by the pseudo-second-order model. The adsorption isotherms of the adsorbent/adsorbate systems are
in agreement with the Langmuir equation showing an adsorption capacity of 147.05 mg/g for this
material. The thermodynamic parameters calculated at various temperatures indicate that MO
adsorption on Zn-CDP/Mag-H" is an endothermic reaction (AH® > 0) and spontaneous (AG° < 0)
process.
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INTRODUCTION

Environmental pollution is the result of population
expansion becoming lately a major problem even if
considerable efforts have been made in recent years to
contain this phenomenon and eliminate pollutants. In
particular, it is water pollution that has become the most
challenging subject globally in the last few decades [1].

Dye wastewater has attracted considerable attention
among all categories of polluted water. Many industries
including paper, textiles, food, agrochemical applications
and pharmaceutical production generate a considerable
amount of wastewater contaminated by synthetic organic
dyes and pigments [2].

Dyes can be ionic, aromatic organic compounds with
structures including aryl rings, which have delocalized
electron systems. The color of the dye is provided by their
chromophore groups. They are everyday chemical
compounds but highly visible, and undesirable and may
have acute and/or chronic effects on living organisms
depending on exposure time and concentration [3-5].
These pollutants are also endocrine disruptors interfering
with the function of the natural hormones [6]. In addition,
the release of dyes into surface waters also causes
unwanted effects in the aquatic ecosystem [7].

The whole challenge for environmental scientists is to
develop effective solutions for these hazardous pollutants.
Furthermore, it is not easy to remove dye materials
because of their degradation which is complicated by their
high chemical and light stability [8]. Thus, several
traditional approaches, whether physical, chemical, or
biological, have been extensively used to achieve the tasks
including flocculation [9] and coagulation [10] but with
incomplete removal of the pollutants [11]. Sedimentation,
filtration, reverse osmosis [12,13], extraction [14], and
biological treatment [15] have also been used to eliminate
these dyes but their application cannot be performed
on a large scale because these methods usually require
the use of sophisticated systems and the costs of operation
are high [16,17].

Therefore, alternative approaches are necessary to
replace the abovementioned conservative techniques.
Adsorption technologies for complete removal of dyes
have become more popular in recent years owing to their
high efficiency on almost any type of dye or mixtures of
dyes, sustainability, economic feasibility, and simplicity of
design/operation as they can be carried out in mild
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conditions producing high quality water [18]. Physical
adsorption is one of the most effective method for quickly
lowering the concentration of dissolved dyes in an effluent
using biomaterials, activated carbon, clay minerals,
zeolites and industrial solid waste. However, the time
required for the adsorption is slow with the difficulty of
regenerating the used adsorbent [19].

Nonetheless, in the field of decomposition of organic
pollutants, the photocatalytic degradation method is
developed with the development of new materials based
on inorganic nanoparticles non-toxic, and inexpensive. In
fact, UV-Vis spectrophotometer reveals the photocatalytic
performance of ZnO:SnO, for methyl orange and
methylene blue degradation, which is enhanced with
increasing the amount of SnO, nanoparticles in the hybrid
material. Indeed, these nanoparticles prevent the fast
recombination of produced surface charges, which results
in an increase of MO oxidation [20,21]. The photocatalytic
activity of decorated MWCNTs with ZnO nanoparticles
is also investigated and showed that increasing the UV
irradiation time and weight fraction led to the increase of
the removal efficiency of MO dye thanks to the amount of
Also, ZnO
nanoparticles on the outer surface of MWCNTs are

photogenerated  electron—hole  pairs.
responsible for enhancing the photocatalytic activity
of MWCNTSs—ZnO hybrid by improving the active surface
of this compound [22]. Nanocomposites like TiO»—SnO,
also shows significant removal efficiency of MO, which
depends on the amount of SnO; nanoparticles on the outer
surface of TiO, nanoparticles [23]. Another study
on the synthesized MWCNTs@TiO; photocatalyst with
TiO, nanoparticles reveals that this material can be used
for the elimination of MO. Yet, the obtained results show
that MWCNTs@TiO, exhibit a higher degradation rate of
MO than that of TiO, nanoparticles [24].

Thanks to progress in materials design, there is also
an emergence of a new generation of adsorbents known
for their high surface areas and porosity. These materials
are MOFs (Metal-Organic Frameworks), which represent
relatively low-cost and efficient alternative adsorbents [25,26].
The structure of this new class of porous crystalline
materials is composed of metal-oxide units (inorganic
part) joined by organic ligands through strong covalent
bonds. The metal-ligand interactions are stronger than
hydrogen bonds, and have more directionality than other
weak interactions, such as n-m stacking. While traditional
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porous solids such as zeolites result from the
interconnection of inorganic bricks with permanent
characteristics, the large panel of used ligands and metal
nodes allows the preparation of MOFs with different
geometries, topologies, and pore sizes [27,28]. The
flexibility of these materials can be modified giving ultra-
high surface area, tunable pore size and volume, and
adjustable internal surface properties, as well as high
crystallinity — and stability [28]. These

characteristics let them useful candidates for the treatment

thermal

of wastewater due to the possibility of the presence of
host—guest interactions through the chemical modification
of the organic ligands and/or the inorganic sub-units
[29,30]. According to Haque and coworkers, the
protonated ethylenediamine-grafted Cr terephthalate
(MIL-101) exhibits high adsorption capacity, rapid uptake
and ready regeneration for the MO [31]. Iron terephthalate
shows also a remarkable adsorption capacity of harmful
dyes (anionic and cationic dyes) in the liquid phase, much
higher than the commercially available activated carbon [32].
Even better, simultaneous adsorption of anionic and
cationic dyes is achieved by MOF-235 even though it is
considered a non-porous material since nitrogen is hardly
adsorbed over the MOF-235 at low temperatures [32].
However, in some cases, the synthesis of these MOFs
requires the use of toxic and dangerous catalysts such as
hydrofluoric acid (HF) or nitric acid (HNOs) [33,34], as
well as the use of an autoclave which is not desirable from
an industrial standpoint [32,35,36]. Moreover, most of the
MOFs syntheses are carried out using slow-diffusion
processes that take days or weeks to achieve, excluding the
possibility of an industrially relevant process [37]. In this
perspective, we investigate an alternative and efficient
approach for the synthesis of a new organometallic-based
material called Zn-CDP/Mag-H" inspired by MOFs'
concept using an eco-catalyst called Maghnite-H" with the
aim to respect the principles of green chemistry and also to
improve the synthesis conditions (decreasing reaction time
without using an autoclave). The structure of this material
is characterized by Fourier Transform InfraRed (FT-IR)
spectroscopy and X-Ray Diffraction (XRD). Its thermal
stability is studied using ThermoGravimetric Analysis (TGA).
The purpose of this work is also to examine the application
of Zn-CDP/Mag-H" as a versatile and efficient material
for the adsorption of Methyl Orange (MO) (Scheme 1).
This dye has been selected, as it is inexpensive and widely
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Scheme 1: Structure of Methyl Orange (MO) dye

used in textile, printing, paper, food, and pharmaceutical
industries and research laboratories [38]. A kinetic and
thermodynamic study of the adsorption phenomenon
is also proposed by showing the effects of various operating
parameters, such as adsorbent amount, contact time, initial
dye concentration, and pH solution on the adsorption
capacity of Zn-CDP/Mag-H".

EXPERIMENTAL SECTION
Materials

The Maghnite used in this work is provided from a
quarry located in Maghnia (North West of Algeria) and
supplied by the company “ENOF” (Algerian manufacturer
specialized in the production of non-ferric products and
useful  substances).  4,4'-Carbonyldiphthalic  acid
(H4«CDPA) (98%, Aldrich), Zinc nitrate Hexa-hydrate
(Zn(NO:3),.6H,0) (98%, Aldrich), N,N-
Dimethylformamide (CsH7NO) (99.8%, Aldrich), Sulfuric
acid (H2SOs4) (99.99%, Aldrich) and Chloroform (CHCls3)
(99.8%, Aldrich) are used as received without further
purification. The dye Methyl orange having IUPAC name
as  Sodium  4-{[4-(dimethylamino)phenyl]diazenyl}
benzene-1-sulfonate salt is obtained from Merck.
All aqueous solutions are prepared with deionized
and purified water.

Synthesis of Zn-CDP/Mag-H*

In-situ polymerization of Zn-CDP/Mag-H" is carried
out wusing a solvothermal method with N,N-
dimethylformamide (DMF) as solvent (Fig. 1). An exact
amount of 4,4'-Carbonyldiphthalic acid (H4CDPA: 0.35 g,
1 mmol) is mixed with 50 mL of DMF. The mixture
is stirred until the complete dissolution of the acid. Then,
Zinc nitrate Hexa-hydrate (Zn(NO;),'6H,O: 1.2 g, 4
mmol) and an amount of Maghnite-H" are added into the
solution and stirred for few minutes at room temperature.
The reactant mixture is kept in a closed vessel and heated
at various times and temperatures to perform a kinetic
study of this synthesis. A yellowish powder is collected by
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Fig. 1: Synthesis reaction of Zn-CDP/Mag-H'. Oxygen (red),
Nitrogen (bleu), Carbon (grey).

filtration, repeatedly washed with fresh DMF, and dried at
room temperature. The sample is stored in a vacuum
desiccator to avoid water adsorption.

Adsorption tests

Zn-CDP/Mag-H™ used for investigation of the dye
adsorption is washed with chloroform (6 x 30 mL), then
immersed in fresh chloroform (50 mL) for 48 h. After that,
the product is filtered, dried and placed under vacuum at
room temperature for 24 h, then kept in a desiccator. MO
is dissolved in deionized water to prepare an aqueous stock
solution of 200 mg/L. Aqueous solutions with different
concentration of MO (10 — 50 mg/L) are prepared by
successive dilution of the stock solution with water to
obtain the calibration curve, which is plotted between
absorbance and concentration of the dye solution to get
absorbance-concentration profile. For adsorption kinetics
and isotherm studies, the experiments are carried out
in 100 mL sealed glass bottle containing an exact amount
of the absorbent well mixed in the dye solution at room
temperature by magnetic stirring and maintained for
a fixed time. After the adsorption finished at time t,
the solution is separated from the adsorbent by centrifugation
(4000 rpm). The concentration of the residual dye is
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measured at a A corresponding to the maximum
adsorption for the dye solution (A = 464 nm) after getting
the UV spectra of the solution with the spectrophotometer.
In order to determine the effect of aqueous solution pH
on the adsorption of MO over Zn-CDP/Mag-H", the solution
pH are adjusted in the range of 2-11 by adding a few drops
of concentrated solutions of NaOH and HNO; 0.1 M.

The dye concentration in the reaction mixture
is calculated using the calibration curve. The equation
is given by:

Cvo = (1470 X Ayg,) — 0.6955 (1)

Where Ass4 is the absorbance of the sample at
wavelength 464 nm.

The adsorption capacity ¢, (mg/g) at time ¢ (min) and
the adsorption capacity ¢. (mg/g) at equilibrium are
calculated as follows:

(G —-CYV

g =2t @
_ (CO — Ce) \Y

ge =2 @3

Where Cy, C; and C, (mg/L) are the dye concentration
at initial, any time t and at equilibrium in the solution,
respectively. V' (L) is the volume of the dye solution and m
(g) is the mass of Zn-CDP/Mag-H".

Removal Efficiency (%) [39,40] is derived from the
difference of the initial concentration and the final one:

Co — G

RE % =

x 100% %)

0

Characterization methods

FT-IR experiments are recorded in the wavenumber
range from 2000 to 400 cm’!, on an Alpha Bruker FT-IR
spectrometer  based Optics’  patented
RockSolid™ design, flexible sampling and Transmission,
Attenuated Total Reflection (ATR), external and diffuse
reflection FT-IR sampling accessories. The morphological

on Bruker

characterization is carried out using Powder X-Ray
Diffraction (PXRD) analysis conducted on a DS
DISCOVER Bruker diffractometer with The VANTEC-
500 detector with Cu-Ko radiation (A = 1.5418 A).
Thermogravimetric analyzes are recorded on a
SETARAM Labsys TG-DTA/DSC (room temperature -
1600°C) with a nitrogen sweep of 200 mL/min.
The temperature ramp is 10°C/min. The dye concentrations
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Fig. 2: X-Ray Diffraction of (a) Raw-Maghnite and (b)
Maghnite-H".

in solution are measured by an Optizen 2120UV
spectrophotometer and PH-2601 Bench pH Meter dual
function is used to measure the pH values of the dye
solutions.

RESULTS AND DISCUSSION

Characterization of Maghnite-H*
Maghnite-H" is a

Montmorillonite-based catalyst with a lamellar structure,

natural and  non-toxic
developed at the Polymer Chemistry Laboratory of the
University of Oran, Alegria [41]. It shows remarkable
catalytic capacities for polymerization reactions of several
vinylic and heterocyclic monomers [42—47]. Maghnite-H"
is prepared according to the reported method [47].

The morphological study by XRD reveals that the acid
treatment of Maghnite leads to the substitution of
interlamellar cations by H" protons, increasing the basal
spacing from 9.08 A in Raw-Maghnite (Fig. 2a),
characteristic of a single water layer between the sheets,
to a 12.04 A, distance attributed to two interlamellar water
layers in Maghnite-H" (Fig. 2b) [47]. FT-IR spectra
(Fig. 3) [47] show bands at 3200 cm™! for the characteristic
absorption of the OH groups linked to the octahedral
aluminum and at 1007 cm” for the Si-O stretching
vibration in the tetrahedral layer. Angular deformation
bands at 518 and 449 cm! are assigned to the type links of
Si-O-M smectites, M may be Mg, Al or Fe. A low-intensity
band at 750 cm™ is assigned to the tetravalent silicon due
to the presence of amorphous silica. XRD and FT-IR
analysis state that Maghnite-H" is classified among
the montmorillonite family according to the studies made
by M. Belbachir et al. [41].
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Fig. 3: FT-IR of (a) Raw-Maghnite and (b) Maghnite-H'".

Kinetic studies of Zn-CDP/Mag-H" synthesis

Kinetic studies (Fig. 4) show that the highest yields
of Zn-CDP/Mag-H" are obtained with an amount of 20%
by weight of Maghnite-H", for a reaction time and
temperature of 28 hours and 110°C, respectively. Zn-
CDP/Mag-H" (20 wt % of Maghnite-H") will be used
for all experiments performed in this work.

Structure determination of Zn-CDP/Mag-H*

FT-IR spectra of Zn-CDP/Mag-H" (Fig. 5b) show the
disappearance of the intense and large characteristic bands
of OH group (3210 cm™ and 927 cm) confirming the
complete deprotonation of 4,4'-Carbonyldiphthalic acid.
The sharp bands at 1549 cm™! and at 1375 cm'! are ascribed
to the symmetric and asymmetric motions of the COO"
carboxylate group. The band at 680 cm™ corresponds
to the Zn-O stretching vibration. There are also the usual
characteristic frequencies of Maghnite-H", a broad band
at 1032 cm! for the Si-O vibration and deformation bands
at 515 cm™ and 459 cm! corresponding to Si-O-Al group.
Finally, the elongation vibration at 1491 cm™ attributed to
the aromatic group C=C (Fig. 5b) is involved in the
adsorption mechanism via w-m interactions between MO
molecules and Zn-CDP/Mag-H" as will be stated in the
following sections.

XRD analysis of Zn-CDP/Mag-H" (Fig. 6) shows
a broad peak in the region of small angles, confirming the
presence of Maghnite-H" in the structure of this material.
The sharp and intense peak at 20 = 9.9° confirms the high
crystallinity and ordered structure of Zn-CDP/Mag-H" and
that the final layout of this material is not altered by
Maghnite-H". There is an increaseinf the interlayer space
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Fig. 4: Effect of the amount of Maghnite-H', temperature, and
time on the yield of Zn-CDP/Mag-H".
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Fig. 5: FT-IR spectra of (a) HH{CDPA and (b) Zn-CDP/Mag-H'.

door from 12.04 A for Maghnite-H" alone to 13.77 A for
Zn-CDP/Mag-H" (Fig. 7) resulting from the intercalation
of some Zn-CDP chains between the sheets of the clay.
The correlation peak of Maghnite-H" is much less intense
than that of Zn-CDP/Mag-H", the latter exhibits a more
orderly crystalline stacking of the sheets compared
to the clay.

Thermogravimetric analysis of Zn-CDP/Mag-H" (Fig.
8) shows that this material is thermally very stable with an
onset temperature of degradation extraordinarily high
(469°C). TGA curve of this material shows three main
steps of weight loss. The first mass loss (11.03%) between
86°C and 146°C is attributed to the dehydration process
(removal of physically adsorbed water molecules on the
surface of Zn-CDP/Mag-H"). The second mass loss
(14.41%) between 316°C and 358°C may be associated
with the removal of DMF molecules trapped in the
material pores; and also some residual molecules of the
acid (H4CDPA) that have not reacted. The final step and
the prominent weight loss (33.16%) around 542°C is related
to the collapse and degradation of the Zn-CDP/Mag-H"
structure. There is a total mass loss of 58% when
the temperature reaches 542°C. The residual amount
maybe the conversion of the material into ZnO,.

Adsorption studies
Effect of adsorbent amount

Different amounts of Zn-CDP/Mag-H" are mixed
with 50 mL of MO solution at a concentration of 50 mg/L
for 10 minutes. A mass of 30 mg of Zn-CDP/Mag-H" fixes
a maximum dye (Fig. 9). From this mass, the percentage
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oo ] oy
e __
AT i
OO __
Rl =] _'_
[00 )
1S00 )
— N
3 meo
E oo
S oo
=
E L=t __
— =00 —]
Tl -_
eca ] d = 1204 A
=00 —
e =1 — |
=t} __
o=t ] __
I YT L
o _ w T

d — LB .TT M

b b b b b

i)

Fig. 7: XRD patterns of> (a) Maghnite-H and (b) Zn-
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of removed dye reaches equilibrium. Also, the amount of

the adsorbed dye increases in the beginning but decreases
as the dosage of adsorbent increases from 30 mg to 50 mg.
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Fig. 8: Thermogram TGA of Zn-CDP/Mag-H".

In fact, increasing the adsorbent amount rises the total
surface area making available a very large number of
adsorption sites until the mass 30 mg from which there is
an overlapping or aggregation of adsorption sites,
consequently, a reduction in the total adsorption surface
area with a decrease in the amount of adsorbate per unit
mass of adsorbent. Thus, a relatively high dosage of the
adsorbent leads to a high adsorption rate but a low
adsorption quantity. For theses results, it is necessary
to avoid ineffective overdose. In the rest of the work
and to determine the adsorption capacities by saturating all
the probable sites, we chose to work with adsorbent mass
of 30 mg.

Effect of initial dye concentration as a function of time

The initial dye concentration and contact time are
crucial factors influencing the adsorption capacity of
an adsorbent in wastewater treatment systems. The evolution
curves (Fig. 10a) show that MO interacts with Zn-CDP/Mag-H"
rapidly during the first 40 minutes, then the adsorption
slows down and approaches equilibrium in nearly
110 min where the maximum adsorption of MO onto
Zn-CDP/Mag-H" is observed. This equilibrium is the
result of the saturation of the adsorption sites in this
material by the dye. Based on these results, 110 minutes
is taken as the equilibrium time in batch adsorption
experiments on this material. This phenomenon is
comparable for all three concentrations.

Furthermore, the amount of adsorbed dye increases
with the initial dye concentration showing the favorable
adsorption at high dye concentration. Indeed, the mass
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(V =50 mL, madsorbent = 30 mg, pH = neutral).

130

Souad B. and Nadir M.

Vol. 42, No. 1, 2023

the gradient between the solution and adsorbent increases
with the increase of the initial dye concentration,
accelerating the transfer of dye molecules from the bulk
solution to the particle surface due to the increase
in the driving force of the concentration gradient.
However, the removal rate of MO on Zn-CDP/Mag-H" is
higher at the lower initial concentration (Fig. 10b).

Effect of pH values

The pH solution is an important parameter since
the adsorption capacity of the dye strongly depends on it,
which is attributed to the ratio of H/OH™ in aqueous
solution that affects the structure of the dye as well as the
surface charges of the adsorbent [48]. The effect of initial
pH on MO adsorption toward Zn-CDP/Mag-H" is
investigated in the pH range from 2 to 11 (Fig. 11).
The experiments are carried out by adding 30 mg
of the adsorbent to 50 mL of the dye solution with an initial
concentration of 50 mg/L at 298 K for a contact time
of 110 min (equilibrium time in this work). The adsorption
mechanisms may be attributed to electrostatic interactions
between the dye and the adsorbent. In fact, from the Point
of Zero Charge of Zn-CDP/Mag-H" (pHpzc = 6 to 9), the
surface charge is positive for solutions with a pH < pHpgc,
providing good adsorption and selective separation ability
for this adsorbent towards the anionic dyes. Therefore,
there will be a strong electrostatic attraction with MO
molecules that are converted to anionic form above pH
of 3.47 (pKa value of MO is 3.47 [49]), which explains
the highest capacity that
at pH value between 3 and 6. These results are quite similar
to previously reported results [34, 36]. However, there is

adsorption increases

a decrease of the adsorption capacity at higher pH values
(pH > pHpzc) indicating that the surface charge of
Zn-CDP/Mag-H" becomes more negative, increasing
the electrostatic repulsions of MO anions. Nevertheless,
it is noticed that the adsorption capacity is around 25 mg/g
even when MO molecules are neutral showing that there
are possible other mechanisms controlling the adsorption
capacity like n-m interactions between the benzene rings
of MO and the benzene rings in Zn-CDP/Mag-H" [50,51]

Adsorption kinetics

Pseudo-first-order and pseudo-second-order [52] are
two kinetic models used to investigate the adsorption
and mechanism of MO

behaviors sorption on
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Fig. 11: Effect of initial pH on the adsorption of MO over
Zn-CDP/Mag-H' (Co= 50 mg/L, V = 50 mL, madsorbent = 30 mg,
contact time = 110 min).
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Madsorvent = 30 mg, pH = neutral).
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Zn-CDP/Mag-H" at the three initial dye concentrations

(10 mg/L, 30 mg/L, 50 mg/L) and at fixed adsorbent

amount (30 mg). The two rate expressions based on the

adsorption capacity are expressed as follows:
Pseudo-first-order:

log(de — g¢) =10g qe — 5=t (5)
Pseudo-second-order:

t 1 1

0 e o ©

Where g. and ¢; (mg/g) represent the amount of
the adsorbed dye per Zn-CDP/Mag-H" unit at equilibrium
and at any time ¢, respectively. k; (min') named
the Lagergren rate constant of adsorption is obtained from
the slope of the linear regression of the above-mentioned
equation (Fig.12), and %, (g/mg.min) is the pseudo-
second-order rate.

The obtained data shown in Table 1 fit with poor
correlation coefficient R’ values (0.802 to 0.973) at
different initial dye concentrations indicating that the
adsorption mechanism does not follow the pseudo-first-
order model. In addition, the calculation of ¢, for the three
concentrations shows that the amounts of adsorbed dye are
small compared to the experimental amounts. These
observations demonstrate that the MO adsorption does not
express a process of controlled diffusion. The adsorption
data analyzed using the pseudo-second-order model show
that the correlation coefficient values are very close to 1
(R? > 0.99) indicating that this model is suitable for MO
adsorption on Zn-CDP/Mag-H". In addition, g. values are
almost equivalent to that calculated. From Table 1, the
calculated kinetic constant k; decreases with increasing
initial dye concentration indicating slow adsorption when
the concentration of initial dye increases as can be seen
previously (Fig. 10) where the amount of adsorbed dye
reaches its equilibrium more quickly for low dye
concentrations. This phenomenon is owing to the weaker
competition of the adsorption surface sites at lower
concentrations [53], similar results are obtained for other
MOFs [54-57].

Adsorption isotherms

Adsorption isotherms are used to further describe
the adsorption progress by determining the maximum
adsorption capacity of MO on Zn-CDP/Mag-H" and
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Table 1: Kinetic parameters for MO adsorption over Zn-CDP/Mag-H' at different concentrations of MO.

/ Pseudo-first-order Pseudo-second-order \
CO (mg/L) Qe,exp (mg/g)
Ce,cal (mg/g) kl (min-l) RZ Je,cal (mg/g) k2 (g/mgmln) RZ
10 14.18 3.64 1.612 x 102 0.802 13.88 1.775 x 1072 0.998
30 41.04 24.09 2.533x 102 0.925 45.45 1.471 x 107 0.997
k 50 65.05 40.27 2.763 x 1072 0.973 71.42 1.020 x 1073 0.998j

to identify the adsorption mechanism by describing
the interactive behavior between adsorbate and adsorbent.
The experimental data process according to the mathematical
models of Langmuir and Freundlich:

The Langmuir equation [58]:
Ce 1 Ce
a. 0K Q e

Where C. (mg/L) is the equilibrium concentration of
the adsorbate, Q (mg/g) is the maximum adsorption
capacity, and K; (L/mg) is the Langmuir constant related
to the equilibrium of adsorption.

The dimensionless separation factor R; can be
presented as follows [59]:

1

R=Trmcy ®

Where Cy is the initial concentration of MO (mg/L).
The model is suggested to be favorable if 0 < R, < 1.
The Freundlich equation [60]:

1
logq, = logKg + Hlog Ce 9

Where Kr (mg/g)(L/mg)" is the Freundlich constant
related to the adsorption capacity of the adsorbent and »
indicate the degree when an adsorption process is

favorable. A value of % between 0 and 1 indicates favorable

adsorption.

The Langmuir model presumes that the adsorption is
reversible with a monolayer of adsorbate molecules
formed homogeneously on the adsorbent surface. It means
that the adsorption occurs at a fixed number of specific and
equivalent energy sites. Each site can adsorb only one dye
molecule with the decrease of interaction forces between
adsorbed molecules, even on adjacent sites [61]. Then,
a saturation value is reached and no other type of adsorption
can take place in this site. The Freundlich isotherm model
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describes the adsorption capacity associated to the dye
concentration at equilibrium and assumes that the
adsorption occurs on a heterogeneous surface corresponding
to a multi-site adsorption isotherm involving different sites
with several adsorption energies [62].

Equilibrium adsorption isotherms are conducted at
different concentrations ranging from 10 to 50 mg/L
with a fixed adsorbent mass (30 mg) and contact time
(110 min). After determining the residual concentrations
of the supernatants, first, we plot (C. /g.) vs C, according
to Langmuir's model and secondly, log ¢. vs log C.
according to Freundlich's model (Fig.13).

The obtained results reported in Table 2 show that the
adsorption of MO onto Zn-CDP/Mag-H" fits Langmuir
model better than Freundlich model based on R’ values.
The good correlation between the adsorption data and the
Langmuir model confirms the homogeneous distribution
of active sites on the adsorbent in monolayer coverage of
dye molecules. The favorability of the adsorption system
can be further anticipated. In fact, the calculated
dimensionless separation factor R; which are ranging
between 0 and 1 (0.217 < R; < 0.581), indicate the
favorable uptake of the MO process. The obtained n value
from the Freundlich model is greater than unity (z = 1.308)
illustrating that the adsorption intensity is good and
favorable at high concentrations but much less at lower
concentrations. Ky value also shows that Zn-CDP/Mag-H*
has a very high adsorption capacity for MO in aqueous
solutions.

The maximum uptake capacity of the composite is
O = 147.05 mg/g. This result is compared with the
adsorption capacity of different MOFs toward MO
reported previously. As it is noticed from Table 3,
the adsorption capacity value of Zn-CDP/Mag-H" is not
the highest. However, this material can be considered as
a good and suitable adsorbent for anionic dyes such as MO.
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Table 2: Langmuir and Freundlich parameters for MO adsorption over Zn-CDP/Mag-H'.

@ Langmuir isotherm Freundlich isotherm h
Q (mg/g) Ky (L/mg) R? Ky (mg/g)(L/mg)'" n R?
\_ 147.05 0.072 0.999 10.889 1.308 0.9951 )

Table 3: The adsorption capacity of various MOFs toward MO.

/ MOF Experimental conditions Adsorption capacity Reference \
Cy: 1000 mg/L
MIL-100 (Cr) t= 3 days 211.8 mg/g [33]
MOF-235 Cor 20200 me/L 477 mg/g [32]
Co: 800 mg/L
ZIF-11 a0 me 178.57 mg/g [64]
Cop: 30-50 mg/L
MIL-101 e 12hg 114 mg/g [34]
PED-MIL-101 Co: g‘islg ‘;’g/ L 194 mg/g [34]
NH2-MIL-101(Al) CO{ jol ;nf/ & 188 mg/g [35]
. Co: 80 mg/g
Ui0-66-NH, 80 83.7 mg/g [63]
" Co: 10-50 mg/L .
k Zn-CDP/Mag-H t=110 min 147.05 mg/g This work /
MIL stands for Material of Institute Lavoisier
UiO stands for University of Oslo
ZIF stands for Zeolitic Imidazolate Framework
a 0175 - b  1.895 -
0.165 - 1.795 4
0.155 1 1.695 1
0.145 - o 1.595 -
() (=2
2 o0
S 0.135 - S 1.495 A
o
0.125 1 1.395
0.115 - 1.295 -
0.105 1 1.195 1
0.095 T T T T T d 1.095 T T T T T
0 2 4 6 8 10 12 0 0.2 0.4 0.6 0.8 1
Ce (mg/L) Log Ce

Fig. 13: Adsorption isotherm models for MO dye adsorption over Zn-CDP/Mag-H': (a) Langmuir isotherm, (b) Freundlich
isotherm (V =50 mL, madasorvent = 30 mg, pH = neutral, contact time = 110 min).

Thermodynamic studies

Adsorption is a phenomenon that can be exothermic
or endothermic depending on the adsorbent material
and the nature of the adsorbed molecules [65]. Thus, the
adsorption thermodynamic parameters are used to further
investigate spontaneity and mechanism of MO adsorption
onto Zn-CDP/Mag-H". The temperature effect is studied
in the range 298 — 333 K. The changes in adsorption
enthalpy (AH®), entropy (AS°) and Gibbs free energy

Research Article

(AG®) are calculated and listed in Table 3 from the
following equations [66,67]:
AG' = —RTInK, (10)

= e
o7 Ce

AH® and AS° can be obtained from the Van’t Hoff equation:

(11)

InKy= —— — (12)
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Table 4: Thermodynamic parameters of MO adsorption over
Zn-CDP/Mag-H" at different temperatures.

/ Temperature Ko AG° AH° AS°
(K) (L/g) (kJ/mol) (kJ/mol) (J/mol K)
298 5.92 -4.405
313 6.80 -4.983 7.43 39.68
\ 333 8.10 -5.789
2.1
2.05
2
)
= 195
o
=
c 1.9
-
1.85
1.8
1.75
0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1/T (K-1)

Fig. 14: Van’t Hoff plot to get AH® and AS° of MO adsorption
over Zn-CDP/Mag-H' (Cy =50 mg/L, V =50 mL, Madorbent =30 mg,
PH = neutral, contact time = 100 min).

Where K is the thermodynamic equilibrium constant,
T is the temperature (K), and R is the gas constant (8.314
J/mol K). The values of 4H° (KJ/mol) and 45° (J/mol.K)
are obtained from the slope and intercept of a linear plot
between Ln Ky and 1/T (Fig. 14).

The AG° values are all negative for different
temperatures suggesting that the adsorption of MO on Zn-
CDP/Mag-H" is spontancous and feasible under the
experimental conditions with a slight increase in the
degree of spontaneity of the reaction when the temperature
increases. This can be explained by the decrease in the
thickness of the boundary layer surrounding the adsorbent
with temperature, improving the mass transfer of the
adsorbate from the solution [68]. Furthermore, these
results indicate that the adsorption process is
physisorption (-20 kJ/mol < AG° < 40 kJ/mol) rather than
chemisorption (-80 kJ/mol < AG*° < -400 kJ/mol) [69].

The data shown in Table 4 indicate that the calculated
AH°value is positive confirming the endothermic behavior
of the adsorption process corresponding to the increasing
adsorption capacity related to the increasing temperature.
The interactions between pre-adsorbed water and the
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adsorbent are stronger than that the interaction between
MO and Zn-CDP/Mag-H", which explain the endothermic
adsorption [32]. The positive value of AS° indicates an
increase of the randomness at the solid-solution interface
during adsorption and the affinity of the adsorbent for the
dye possibly because the number of desorbed water
molecule is larger than that of the adsorbed MO molecules
since dyes are more bulky than water leading to the
desorption of several water molecules when dye molecules
are adsorbed [54]. This positive value also reflects that no
critical change occurs in the internal structure of the solid
during adsorption of the dye. As a consequence, the adsorption
process would be controlled by an entropy effect (positive
S) rather than an enthalpy change (positive H).

CONCLUSIONS

In summary, a new hybrid material Zn-CDP/Mag-H"
is successfully synthesized using Maghnite-H", an acid-
exchanged montmorillonite clay. FT-IR spectroscopy
confirms the structure of this material and XRD patterns
show that it has a crystalline and ordered arrangement.
TGA shows that this material is thermally stable with a
high temperature of degradation (469°C). The
experimental results show also that Zn-CDP/Mag-H*
exhibits a rapid and an efficient adsorption towards MO
in aqueous solution with an adsorption capacity
reaching 147.05 mg/g. The adsorption process reveals
that the amount of adsorbed dye per gram of
Zn-CDP/Mag-H" increases with increasing initial dye
concentration in the solution and the optimum amount
of adsorbent is 30 mg. The kinetic study of MO
adsorption on Zn-CDP/Mag-H* is controlled by the
pseudo-second-order model showing that the adsorption
process is very fast during the first 40 minutes, with
a maximum uptake of dye reached at 110 minutes.
Adsorption of MO at various pH values suggests that
adsorption mechanisms mainly involve electrostatic
interactions between the dye and Zn-CDP/Mag-H" as
well as n-n stacking between the benzene rings of MO
and the benzene rings of the material. It is noticed that
the adsorption isotherms are well described by the
Langmuir equation which represents the best fit of
experimental data. The calculated thermodynamics
parameters at various temperature (AG° < 0, AH® > 0
and AS° > 0) suggest that the adsorption of MO on
Zn-CDP/Mag-H* is spontaneous and endothermic
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and the driving force of the adsorption is controlled
by an entropy effect rather than an enthalpy change.
The results of this study clearly demonstrate that
Zn-CDP/Mag-H", an organometallic-based material,
has considerable potential as a promising adsorbent in
wastewater treatment for the adsorptive-removal
of toxic dyes. Specific applications as well as reuse
and recovery of this material may be of further scope
of research.
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