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Abstract
Kaolin has been used as an alternative cheap raw material for the synthesis of zeolite NaY. The objective of this
study is to synthesize a zeolite NaY from a natural clay (kaolin) from M’Batra. Two steps are involved in the
reaction: (1) dehydroxylation of kaolin at 550°C to form an amorphous material called metakaolin; (2)
hydrothermal treatment of metakaolin with aqueous alkali to form the zeolite. SEM, BJH and BET techniques were
used respectively to study the morphology, pore size distribution and adsorption-desorption isotherms of N2 at 77
K. Structural and compositional studies were conducted using X-ray fluorescence (XRF), solid-state nuclear
magnetic resonance of 27Al and 29Si. XRF analysis showed an increase in the Si/Al ratio of 1.91 to 2.95 compared to
natural clay. The SEM of the zeolite NaY gave a homogeneous and porous material. The specific surface area of the
zeolite NaY increased by 5.03 times compared to the natural clay. The XRD of the zeolite NaY showed a well
crystallized material. The MAS NMR spectrum of 27Al revealed a single Al environment. In conclusion, the results of
the different characterizations show us that the material obtained by modification of the natural clay (kaolin) of
M’Batra has a zeolithic structure.
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INTRODUCTION
The zeolite results from the sequence of TO4 tetrahedra, generally SiO44- and AlO45, connected by their oxygens and which
arrange with each other to form a very porous microcrystalline structure in one to three dimensions. The general composition of a
zeolite is Mn+y/n[(AlO2)x(SiO2−)zH2O] (Wartel et al., 2019, Zimmermann and Haranczyk, 2016, Abdullahi and al., 2017) where M
represents the extra-lattice exchangeable cation (either an alkali metal or alkaline earth metal, Na +, Ca2+ or a transition metal, Ag+,
Cun+, Ni2+ an ammonium; a proton) that compensates for the negative charge associated with the aluminum species present in the
crystalline framework. There are two kinds of zeolites: natural zeolites that exist in volcanic rocks or in sedimentary basins and
synthetic zeolites (Choi et al., 2013). Zeolites are hydrophilic or hydrophobic when they have a high Si/Al ratio. They are less
sensitive to heat than activated-carbons, for example. This property offers them advantages of use in several industrial and on this
basis, the synthetic zeolite can be divided into three distinct groups: 12% as adsorbents, 15% as catalysts and 73% as ion
exchangers (Maesen and Marcus, 2001). In addition, zeolites are used in sectors such as: aquaculture, agriculture, horticulture,
household products, building materials, radioactive waste management, water treatment (used or not) (Margeta et al., 2013) for
example for the removal of toxic heavy metals such as: Co 2+, Cu2+, Zn2+, Ni2+, Cr2+, Cd2+ and Pb2+ from wastewaters (ÁlvarezAyuso et al., 2003, Erdem et al., 2004, (Wang and Peng, 2010, Shaheen et al., 2012, Nazarenko and Zarubina, 2013,
Andrejkovičová et al., 2016, Jiménez-Castañeda and Medina, 2017), in medicine (Galarneau et al., 2001) as abrasive agents in
fluoridated toothpastes (maintenance of fluoride in anionic form), as components of certain drugs (radionuclide trapping) (Rocher,
1995) but also as vaccine adjuvants, and as a system for administration of drugs (Payra et al., 2003). Indeed, the more zeolite is
rich in aluminum and the higher its ion exchange capacity is high. However, the number and size of ions exchanged have a great
influence on the zeolite pore shape and pore diameter and could affect the adsorption capacity of the zeolite.
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The objective of this study is to synthesize a NaY zeolite from a natural clay (kaolin) from M’Batra. The structural properties
of the zeolite obtained were determined by various characterization techniques namely solid-state NMR 27Al and 29Si, DTA-TGA,
XRF, N2 adsorption / desorption, XRD and SEM.
MATERIALS AND METHODS
Adsorbents preparation
The synthesis protocol of the zeolite NaY is based on process 1 of the work of (Tavasoli et al., 2014). A certain amount of
clay is physically activated in an oven at 680°C for 3 hours. 8.0525g of this metakaolin was melted by adding 1.485g of NaOH at
550°C for 24 hours. Then, the solid products were ground with a porcelain mortar. The resulting product was mixed with a
calculated amount of about 17.85 g of sodium silicate and 8.0525 g of water to produce a system of molar composition SiO2/Al2O3
= 5.3, Na2O/SiO2 = 0.25 and H2O/Na2O = 40. This material was stored at laboratory temperature for aging for 67 hours.
Afterwards, the light pink aqueous gel was transferred to a reactor where the hydrothermal crystallization was carried out at 120°C
for 24 hours. The precipitate obtained was filtered, washed several times with distilled water to a pH of between 8 and 9 and then
dried at 100°C for 24 hours and named zeolite NaY.
Chemical compositions of these materials were determined by X-ray fluorescence analysis and are listed in Table. The loss on
ignition (L.O.I) were determined by heating the samples at 1000°C for 1 hour. The results obtained showed that silica (SiO 2) and
alumina (Al2O3) are the two main components of these samples. They represent respectively 88.63% and 89.41% of the total mass
of the natural clay samples and the zeolite NaY. Small amounts of Fe 2O3 and K2O and traces of TiO2, CaO, P2O5 and MgO are
also noted. These oxides obtained are in agreement with the work of (Matti and Surchi, 2014) who in addition to these oxides,
obtained NaO2 and H2O.
The molar ratio (SiO2/Al2O3) was 1.91 for the natural clay sample extracted from M'Batra village and 2.95 for the zeolite
NaY synthesized from M'Batra kaolin. This characteristic ratio of clay minerals is greater than 2 in the case of zeolitic materials.
(Don et al., 2016), in their work, obtained a SiO2/Al2O3 ratio of 3.87 on their nano-NaY zeolite sample and 3.82 on their microNaY zeolite sample.
Table: Chemical composition, loss on ignition (LOI) in wt% of raw clay and zeolite NaY
Chemical composition (wt%)
Sample
SiO2 Al2O3 K2O Fe2O3 MgO TiO2 SO3 CaO P2O5 L.O.I
58.21 30.42 5.49 3.44
1.50 0.37 0.20 0.18
0
9.64
Raw clay
0
0.32
0
0.37 1.44 9.11
Zéolite NaY 66.80 22.61 5.34 2.90

Si/Al
1.91
2.95

Scanning electron microscopy (SEM)
The morphology of the powder was visualized using a scanning electron spectrometer, operating at a voltage of 15kV.
N2 adsorption-desorption isotherm
The textural study of zeolite NaY sample was possible from the N 2 adsorption-desorption isotherms at 77 K. Above all, the
samples were degassed under nitrogen at 120°C overnight to remove some undesirable component. The specific surface area was
evaluated by the Brunauer-Emmet-Teller (BET) method, the volume and the pore size distribution were calculated by the Berrett
Joyner Halenda (BJH) method.
Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA)
The DTA-TGA measurements were performed using a SETARAM apparatus, under argon flushing between room
temperature and 1050°C with a speed of 5°C.min-1. The DTA technique consists of recording the mass variations of a substance
according to heat treatment. The principle of thermogravimetric analysis (TGA) consists in heating the material between the
ambient temperature and another chosen temperature. The heating of the sample leads to the elimination of organic matter, the
departure of the water of constitution of certain mineral species, the decomposition of carbonates, etc. It is therefore possible to
follow the influence of the temperature on the mass losses of the studied material.
X-ray study
The diffractograms of these samples were recorded at 25°C in a range of 5°- 65° (2θ) in steps of 0.020° (2θ) using Bruker D8
powder diffractometer using CuKα radiation of length wavelength λ = 1.54060 Å operating at a voltage of 40 kV and an intensit y
of 40 mA. Crystallized phase identification was performed by comparing the experimental diffractogram of the samples with
diffractograms from the Cambridge Structural Database (CSD) using EVA BRUKER software.
Solid state NMR study
27
Al and MAS NMR experiments were recorded at 400 on 9.4 T Bruker Avance III spectrometers equipped with a standard
probe 4 mm HXY of three-channel used in dual mode and operating at frequencies 104.257 MHz. MAS NMR spectra of 27Al
were measured with a delay of 2µs, an acquisition time of 10 ms, pulse length of 1μs (π/2 flip angle) corresponding to a pulse
power of 4dB, 1024 transients. The chemical shift scale was referenced to the peak of Al(Al(H 2O)6)3+.
The solid state NMR MAS spectra of 29Si were obtained on 9.4 T Bruker Avance III spectrometer at a spinning frequency of
5 kHz and operating at 79.492 MHz using a 7mm probe. These spectra were recorded with pulse length of 5 μs (π/2 flip angle), an
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FID duration of 0.025s, a dwell time of 10 μs and 512 transients. Recycle time of 60 s was used and was sufficient for complete
relaxation. The chemical shift scale was referenced to the peak of tetramethylsilane (TMS) at 0.0 ppm.
The software used for reading rmn spectra is TopSpin Bruker 3.6.0.
RESULTS
Scanning electron microscopy
The morphology of natural clay and zeolite NaY are given in Figure 1. The natural claysample consists of carbonates in the
form of large aggregates, quartz in the form of small grains, and fine sheets in the form of platelets. On zeolite NaY sample
appears a smooth and homogeneous surface. There is also a porous material, well crystallized with the formation of packages and
aggregates.
Natural clay

100μm

10μm

Zeolite NaY

100μm

10μm

Fig. 1: Morphology of natural clay and zeolite NaY by scanning electron microscopy (SEM)
N2 adsorption-desorption isotherm and porosity
The nitrogen adsorption and desorption isotherm (N2) recorded on the zeolite sample synthesized based on clay extracted
from M’Batra village (Cote d’Ivoire) is illustrated in the Figure 2. For this sample, the isotherm exhibits an H4 hysteresis loop.
This isotherm is of the type I because it presents a quasi-horizontal plate and is characteristic of a microporous material
(Rongchapo et al., 2015, Rongchapo et al., 2013, Rongchapo et al., 2018). In the specific surfaces area study, the parameters such
as grain size and the degree of crystallization of the samples had a great influence on the meso-structure of the samples. In fact,
the specific surface area of natural was 11.55 m2.g-1 and increase to 58.11 m2.g-1 in the zeolite NaY case, ie 5.03 times greater than
the surface area of the natural material. The distribution curves of the pore size of the sample (zeolite NaY) show specific
mesoporous surface characteristics. As can be seen in this Figure 3, it shows a decrease in mesopores. According to (Wartel et al.,
2018) the particular mesoporosity is expected to play an important role in improving the adsorption capacity of heavy metals of
aqueous solutions through an adsorption process.

Fig. 2: N2 adsorption-desorption isotherms of natural clay and zeolite NaY
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Fig. 3: Average pore diameter (nm) of natural clay and zeolite NaY sample
DTA-TGA
The results of the coupled DTA-TGA analyzes are shown in Figure 4. The DTA thermogram (Figure 4b) records a first
endothermic peak at 125°C and corresponds to dehydration of the material. A second endothermic peak is perceptible at
temperatures of 500°C and corresponds to the dehydroxylation of the material. The exothermic peak around 975°C corresponds to
the destruction of the structure of the synthesized zeolite. The Figure 4a shows thermograms DTA-TGA coupled of natural clay.
The first mass loss much lower (0.6%) is observed at temperatures around 100°C and corresponds to the departure of the
hydroscopic water (Kakali et al., 2001). The second loss of mass is much greater (8%) and takes place between 400°C and 600°C.
It is due to the dehydroxylation of kaolin structure. Dehydroxylation is a treatment given to kaolinite materials with the aim of
getting rid of the hydroxyl groups present in the kaolin by terminating the structural layer of trioctahedral 2:1 type (T-O-T)
(Youssef et al., 2008, Heller-Kallai, 2013), leaving only traces of octahedral layers. The material obtained called métakaolinite
and to a highly reactive state that can easily be converted into zeolite (Kovo et al., 2009, Youssef et al., 2008, Alkan et al., 2005,
Feng et al., 2009).
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Fig. 4: Thermograms DTA-TGA coupled of: (a) natural clay, (b) zeolite NaY.
X-ray diffraction
The XRD patterns of raw clay, metakaolin (clay calcined at 680°C for 3 hours) and NaY zeolite are shown in Figure 5. This
diagram is simply a graph of the X-ray intensity scattered from the sample as a function of the scattering angle (Bragg angle, 2θ).
The positions and intensities of the peaks of the diffraction pattern are a fingerprint of the crystalline components present in the
sample. The DRX model of metakaolin (activated clay at 680°C for 3 hours) shows a significant change from the untreated clay
pattern, which is characterized by the disappearance of the diffraction peaks of kaolinite, accompanied by the appearance of
amorphous aluminosilicate. The metakaolinite has an amorphous structure and the highest diffraction peaks correspond to the
presence of quartz (SiO2). The thermal activation of the raw clay produces structural changes, favoring its reactivity to synthesize
the zeolitic materials. According to some authors, raising the temperature to 1100 ° C for 3 hours during calcination would result
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in the formation of a new mullite phase that could not be converted into zeolite NaY. For these reasons, the influence of the
calcination temperature of kaolin on the formation of zeolite NaY is studied at temperatures of 680 and 950ºC.
X-ray diffraction was applied to identify the type and crystallinity of the zeolite sample. The type of mineral was shown by
the position of the diffraction angle (2θ) while the crystallinity was shown by the intensity of the peaks. Figure 5c shows t he DRX
pattern of the zeolite NaY. This spectrum has a large number of peaks with high intensities, indicating that it is fairly well
crystallized. The formation of zeolite P for an aging time of 67 hours is consistent with the observations of (Tavasoli et al., 2014).
According to these authors, when the starting kaolin is activated at 680°C., the formation of zeolite P competes with the zeo lite
NaY. Similarly, the formation of zeolite NaY for an aging time would be around 48 hours and beyond that, the formation of
zeolite P would predominate. In this work, beyond the zeolite P obtained, we notice traces of zeolites N-L and K-H and we deduce
that the zeolites obtained are crystalline type and their formations depend as described in the work of Tavasoli aging time,
crystallization time and crystallization temperature.

Fig. 5: XDR diagram of: (a) natural clay, (b) metakaolin, (c) zeolite NaY sample
27

Al solid-state NMR
MAS 27Al NMR spectrum of metakaolin (clay calcined at 680 ° C for 3 hours) (Figure 6) reveals three different aluminum
environments. The site at 1.6 ppm is attributed to aluminum octahedral units, the resonance at 27.5 ppm is attributed to pentacoordinated aluminum while resonances at 61.5 and 64.4 ppm are attributed to aluminum tetrahedral coordination emanating from
the substitution of an atom of silicon by an aluminum atom in the tetrahedral structure of kaolinite. These three resonances have
been observed by (Wartel et al., 2018). After successive treatments with NaOH and Na2O.SiO2 (liquid), during an aging time of
67 hours, the spectrum (Figure 6) shows a broad resonance in the range 61-65 ppm. After deconvolution by the Gaussian /
Lorentzian model of Dominique Massiot's software (DMFIT), this resonance, decomposed into two resonances at isotropic
chemical shift values at 61.5 and 64.4 ppm, is assigned to the aluminum of the tetrahedral units. Several authors have shown that
resonances detected in the range of chemical shifts 59-61 ppm are assigned to the tetra-coordinated 27Al atoms of zeolites NaA
and NaP (Glid et al., 2017, Kulshreshtha et al., 2013, Xiao et al., 2017, Albert et al., 1998, Nery et al., 2003, Meftah et al., 2017,
Miladinović et al., 2014), but with a slightly lower chemical shift for NaP ( about 1 ppm) to that of NaA (Wartel et al., 2018,
Zubowa et al., 2008, Frost and Vassallo, 1996). The chemical shift at 61.5 ppm can be attributed to the tetra-coordinated 27Al
atoms of the zeolites NaP since the X-ray showed the presence of zeolite phase P. On this spectrum, we notice the absence of
peaks between 0 and 10 ppm probably due to an absence of extra-lattice aluminum or a problem of limit of detection. The
characterization of the natural clay extracted from M'Batra village (Cote d’Ivoire) was done in a previous work.
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Fig. 6: 27Al MAS NMR spectra of: (blue) natural clay, (red) Metakaolin and (black) Zeolite NaY at 9.4T
29

Si solid-state NMR
It has been shown that by heating the kaolinite around 550-650°C, a dehydroxylation phenomenon occurs which causes
strong structural distortions in silicon environments (Malfait and Xue, 2010, Chandrasekhar, 1993). The clay submitted to our
study contains kaolinite already shown by the XRD analyzes. The MAS NMR spectrum of 29Si of metakaolin (clay calcined at
680 ° C. for 3 hours) reveals considerably broad resonances related to the dehydroxylation of kaolinite to metakaolinite, thus
leading to amorphization of the material. The MAS NMR 29Si spectrum of metakaolinite treated successively with NaOH and
Na2O.SiO2 (liquid) (zeolite NaY), during an aging time of 67 hours, shows much more resolute resonances at chemical shift
values at -88.3, -92.3 , -97.5, -102.9 and -107.9 ppm. The broad resonance at -88.3 ppm is similar to those observed in the
structures of the zeolite NaA (Greiseret al., 2017, Chandrasekhar, 1993, Lippmaa et al., 1981, Fletcher et al., 2005, Kulshreshtha
et al., 2013, Xiao et al., 2017) and the zeolite NaP (Albert et al., 1998, Nery et al., 2003, Zubowa et al., 2008, Meftah et al.,
2017). In these zeolites, the Si atoms are located in Si(OAl)4 environments. (MacKenzie et al., 2008) showed that MAS NMR
spectra of 29Si of inorganic polymers synthesized from 2/1 layer network aluminosilicates gave signals ranging from -86 to -95
ppm. (Fletcher et al., 2005) estimated that when the SiO2/Al2O3 ratios are between 0.5 and 300, this gives resonances between -92
and -95 ppm. In the same vein, (Zibouche et al., 2009) showed that when the geopolymerization is done by mixing metakaolinite
with alkaline solutions of sodium silicate at room temperature and crystallizing at 50°C, we obtain geopolymers at different Si/Al
ratios with broad MAS NMR 29Si resonances to -95 ppm for Si/Al = 2.3 to -88 ppm for Si/Al = 1.5. Other authors such as
(Duxson et al., 2005), (Rowles et al., 2007) and (Fletcher et al., 2005) have shown that MAS NMR 29Si spectra of geopolymers or
Low silica geopolymer gels with Si/Al ≥ 1 mol/mol give signals around -85 ppm or -89 ppm. On the basis of these remarks, we
can assign the signals to -92.3, -97.5 and -102.9 ppm respectively to the species Q4(3Al), Q4(2Al) and Q4(1Al) (ie a tetrahedron).
SiO4 with 3, 2 or 1 neighbor (s) AlO4 tetrahedra, respectively. The high ratio Si/Al = 2.95 mol / mol for the sample Zeolite NaY
would explain the observation of these signals.

Fig. 7:

29

Si MAS NMR spectra of Metakaolin and Zeolite NaY at 9.4T
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CONCLUSION
The study of the structure of the zeolite NaY synthesized from the clay extracted from M’Batra village (Cote d’Ivoire) was
made possible by scanning electron microscopy (SEM), X-ray diffraction and solid-state NMR 27Al and 29Si. The utilization of
these different techniques makes it possible to distinguish the various minerals present in the synthesized zeolite and to provide
fundamental information on its chemical composition, its surface property and the structural changes resulting from its formation.
XDR and SEM showed a very well crystallized and therefore well synthesized material. The presence of quartz was confirmed by
the NMR 29Si analyzes. Solid-State NMR 27Al showed a tetrahedral environment with no extra-lattice aluminum.
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