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Abstract: In this study, we reported a simple and easy process for zeolite synthesis using waste

glass and aluminum scraps. The silica source was obtained from glass of the end-of-life fluorescent

tubes and aluminum source was scraps collected from aluminum workshop in the region of Sfax,

Tunisia. The zeolitic materials were prepared by hydrothermal treatment at 60 °C for 6 days using

10 g of glass powder mixed with sodium aluminate solution prepared from aluminum scraps.  In

order  to  optimize  the  nature  of  the  recovered  zeolites,  reaction  time,  particle  size,  aluminum

concentration and liquid/solid  ratio  were monitored.  T  The starting materials  and the prepared

zeolites  were  characterized  by  X-Ray  Diffraction  (XRD),  X-Ray  Fluorescence  (XRF),  Fourier

Transform  Infrared  Spectroscopy  (FTIR),  Scanning  Electron  Microscopy  (SEM),  and  Nuclear

Magnetic Resonance (NMR) of 27Al and 29Si nuclei. The characterization techniques demonstrated

that the recovered solid after 6 days of crystallization at 60 °C using different particle sizes (ø <63

μm, ø <125 μm, ø <325 μm) was zeolite Na-LTA contaminated with small quantity of Na-P1.

Keywords: fluorescent tubes glass, aluminum scrap, zeolite, Na-LTA, hydrothermal synthesis. 

1. Introduction

Zeolites are crystalline tectoaluminosilicates made up of [SiO4] [AlO4]5- tetrahedra linked at

their  corners  to  form  well-defined  3D  framework.  The  orientation  of  [SiO4]4- and  [AlO4]5-

tetrahedra generate pores and channels with molecular dimensions. The excess of negative charges

produced by Al3+ is compensated with alkali (Na+, K+...) or alkaline earth metal ions (Ca2+, Mg2+.)

surrounded by water molecules located within the void space [1–4]. The relevant physicochemical
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properties (molecular sieving, high surface area, and high thermal and chemical stability) of zeolites

derive from their specific structure. It is not surprising that zeolites found applications in many

industries as sorbents, as molecular sieves, as ion exchangers in detergents, as fer- tilizers, or as

catalysts in industrial processes  [3–6]. Zeolites are easily synthesized under laboratory conditions

by hydrothermal treatment of reactive alkali-metal aluminosilicate gels at temperatures between

ambient and 200 ◦C and at autogenously pressures. The crystallization time varies from few hours

to several days in order to improve the crystallinity of the zeolitic products [1,2]. Mostly, syntheses

were car- ried out by mixing expensive chemical reagents which contain pure Si sources (e.g.,

colloidal silica, alkali silicates, silicon alkoxides) and pure Si sources (e.g., colloidal silica, alkali

silicates, silicon alkoxides) and pure Al sources (e.g., aluminum (hydr)oxides, nitrates, alkoxides,

sodium aluminate) [7]. Other reagents are required for the reaction such as the mineralizing agents

(NaOH,  KOH)  and  the  structure  directing  agents  (organic  surfactants) [1,2].  Therefore,  many

studies focused in the use of alternative sources of Si and Al from cheaper and abundant sources.

Several low-cost geological silicate and aluminosilicate [8–18] and low-cost industrial by-products

[19–41] were  recommended  as  inex-  pensive  starting  materials  for  zeolite  syntheses.  Among

industrial by-products, coal fly ashes are mainly employed in zeolite preparation because of the

large quantities produced worldwide  [4,23,30,41–45].  Moreover,  porcelain wastes  [36,46],  glass

wastes [34,35,38–40,47–57] are rich sources of Si and Al that found application in zeolite prepara-

tions. Low Si/Al ratio zeolites (LTA, FAU, Na-P1 and HS) are generally targeted in syntheses from

glass wastes using appropriate synthesis conditions and techniques. Alves et al. [50] used industrial

raw powder glass to prepare LTA, X and HS zeolites. Alkaline fusion technique fol- lowed by a

hydrothermal  treatment  was  adopted  since  the  glass  powder  residue  is  difficult  to  zeolitize  by

hydrothermal treatment in basic media [52]. Terzano et al.[51] obtained by hydrothermal treatment

of municipal glass and aluminum solid wastes at 60 ◦C for 7 days a zeotype material containing

30% of zeolite LTA when NaOH is used as mineralizing agent. Noviello et al. [38] recycled glass

and aluminum packaging materials, in the perspective of circular economy, to synthe- tize zeolitic

materials through an alkaline hydrothermal treatment. Sayehi et al. [34,35] prepared Na-P1 and Na-

FAU zeolites from waste glass issued from fluorescent  tubes and aluminum scraps by alkaline

fusion technique followed by hydrothermal treatment. The valorization of cathode-ray-tube funnel

glass [53] and LCD panel glass [55] into zeolites LTA, FAU and Na-P1 is also undertaken. In order

to  shorten  crystallization  time,  microwave  radiation  was  applied  to  the  early-stage  of  the

hydrothermal activation to initiate zeolitization process [55–58]. Majdinasab et al. [55–57] succeed

to prepare zeolite HS and Na-P1 from residue called waste glass cullet using microwave radiation.
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In our previous works [34,35], we reported for the first time the co-valorization of powder

glass (GP) derived from fluorescent tubes and aluminum scraps (AS) into Na-P1 and Na-FAU

zeolites  using alkaline fusion  technique  followed by hydrothermal  treatment.  In  this  study,  we

reported  a  simple  and  easy  process  for  Na-LTA  zeolite  synthesis  from  GP  and  AS  using

hydrothermal technique at mild temperature (60 ◦C). The influence of reaction time, particle size,

AS concentration and liquid/- solid ratio on the nature of obtained zeolites was monitored. The

starting material and the zeotype samples were characterized by several tech- niques. The X-ray

diffraction, Fourier-transform infrared spectroscopy and 27Al, 29Si magic angle spinning (MAS)

nuclear magnetic resonance (NMR) were used for the structural characterization. The morphology,

the  particle  size  distribution  and  the  textural  properties  were  studied  using  scanning  electron

microscope, laser diffraction particle size analyzer and the adsorption–desorption of N2 gas at −

196 ◦C, respectively.

2. Experimental procedure

2.1. Starting materials

The aluminum source was scraps collected from aluminum workshop in the region of Sfax,

Tunisia. The scraps are fragments resulting from the turning process of aluminum profiles. Before

use, aluminum scraps (AS) were first dried and then sieved using stainless steel sieve (Ø < 1 mm) to

remove small sand particles. After that, the sieved AS is washed with deionized water and finally

dried at 105 ◦C for 12 h [34]. The silica source was obtained by crushing the glass of the end-of-life

fluorescent tubes,  collected from the special  containers established by the administration of the

National Engineering School of Sfax-Tunisia for the collection of hazardous waste [34]. Analytical

grade NaOH pellets was purchased from Sigma Aldrich and 98%.

2.2 Synthesis procedure

 Figure  1 reported  a  schematic  presentation  of  the  zeolitization  of  GP  using  conventional

hydrothermal route as described by Terzano et al.  [51]..  At first,  into 80 mL of 2.5 M sodium

hydroxide solution we put a definite mass of AS. There is formation of H2 bubbles which finished

about 2 hours. After the filtration of the sodium aluminate solution, 10 g of GP were mixed into

certain volumes of the solution (50, 100, 150 and 200 mL) then the slurry was stirred for 2 hours

with magnetic stirrer at room temperature. After stirring, the slurry was kept in closed polyethylene

bottles and let then to react without stirring at 60 °C at different periods. The effects of different

parameters on the nature of the obtained zeolitic products were studied such as the particle sizes (

63 µm: GP-63, 125 µm: GP-125 and 315 µm: GP -315) of the GP, the mass of aluminum scrap

dissolved in the aluminate solution (0.125; 0.25; 0.5; 0.75; 1.0 g), the crystallization time (2, 4, 6, 8
3



days) and the ratio liquid /solid, L/S (5, 10, 15 and 20). The resulting products were filtered, washed

with deionized water until pH below 9 and dried at 80°C for 24 h. The synthesized products are

named ZH-s-t with s referred to the particle size of the GP (63 m; 125 m; 315 m) and t  to the

duration of the experiment (2, 4, 6, 8 days).

2.3 Characterization techniques

GP, AS and zeolitic products were characterized by different techniques. X-ray fluorescence

(XRF) was used to assess chemical composition of the GP using Philips X’UNIQUE II apparatus.

The chemical composition of the AS was analyzed by Thermo Scientific Niton XL3t GOLDD XRF

Analyzer s for metal and alloy identification. Structural phase analysis by X-ray diffraction (XRD)

was  performed  on  a  D8  AXS  (DRX-Bruker  D8)  diffractometer,  using  CuKα  radiation  (λ  =

1.540598 Å ) in which the Bragg angle (2θ) was scanned from 5° and 60°. FTIR spectra of the

samples were recorded in air at RT using attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR).  The spectra  were  recorded using  a  Perkin  Elmer  Fourier  transform

infrared  spectrometer  in  the  wave-number  range  4000-400  cm-1.  The  examination  of  the

morphology of  both raw materials  and zeolitic  products  was investigated  by  scanning electron

microscopy  (SEM)  with  a  JEOL JSM-5400  instrument.  Adsorption-desorption  isotherms  were

measured at -196 °C on a TriStar 3000 V6.04 A apparatus with N2 as probe molecule. Prior to

measurement the samples were degassed for 12 hours at 200 °C before adsorption.  27Al and  29Si

MAS-NMR spectra were recorded on a Brucker 300 MHz (AMX 300) at 78.20 and 58.48 MHz,

respectively.  The chemical shift  in ppm was obtained with respect to  AlCl3.6H2O  and TMS as

external references for Al and Si, respectively. Particle size distribution (PSD) of the samples was

determined by laser diffraction particle size analyzer type Malvern Instruments Ltd (Mastersizer).

The standard volume percentiles at 10, 50, and 90, denoted as D10, D50 and D90, respectively,

were  recorded  from the  analysis  and  used  to  calculate  the  width  of  the  distribution  span  (S).
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Figure 1: Schematic presentation of the zeolitization of GP using conventional hydrothermal route.
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3. Results and discussion

 3.1. Characterization of the GP and AS

The chemical composition of AS analyzed by XRF is Al-99.77 % with very small quantities

of iron Fe-0.207 % and copper Cu-0.08 %. The chemical composition of  GP-125 is illustrated in

Table 1. The major oxides are SiO2 (64.6 %), Na2O (21.50 %) and CaO (6.91 %). The quantities of

MgO and Al2O3 are about 3.00 % and 2.59 %, respectively. The other oxides such as K2O, Fe2O3,

TiO2, SO3 and P2O5 exceed slightly the amount of 1.0 %. The chemical composition of the GP is of

the  soda-lime-silica  type  glass.  The molar SiO2/Al2O3  ratio  of  the  GP  is  about  42.4;  thus  an

additional aluminum quantity was needed to adjust the molar ratio in order to obtain low Si/Al

zeolites (LTA, P, FAU and HS).  

Table 1: Chemical composition of major and trace elements of GP-125.

Figure 2 reported the X-ray diffraction profile of GP-125. The broad hump between 15 °and 35° 2

indicated the presence of an amorphous phase. The SEM micrograph of the GP-125 is presented in

figure 3.  Glass fragments with irregular shape and angular edges are observed in figure 3A. This

morphology is due to the grinding of the glass waste. At high magnification (figure 3B), we also

observe needle shaped particles. On the other hand, GP-125 has wide particle distribution which is
6

SiO2 (wt.%) 64.60    0.3

Na2O 21.50   0.2

CaO 6.91   0.09

MgO 3.00   0.04

Al2O3 2.59   0.06

K2O 0.83   0.03

Fe2O3 0.21  0.01

SO3  0.12   0.01

TiO2 (ppm) 635   7

P2O5 556   5

ZrO2 297   1

PbO 216   1

SrO 165   1

CuO 155   1

Cr2O3 103   2

Rb2O 65   1



ranged approximately between 1-100 µm. The particle size distribution (PSD) determined by laser

diffraction confirmed the MEB results in which the sample presented bimodal distribution (figure

4). The first population is located in the range of 0.3–10 μm with mode M1= 4 μm and represents

10%. The second one which represents 90% had particle size in the range of 10–120 μm with mode

M2 = 100 μm. The granulometric parameters of the sample are inserted in figure 4. The median

particle diameter D50 is about 78 μm. The span value S = 2.7; which measures the spread of the

particle size distribution; shows that  GP-125 sample has a significant size difference between the

particles.

Figure 2: XRD pattern of GP-125.  
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       Figure 3: SEM photomicrographs of GP-125 at different magnifications (A) × 500, (B) ×5000.
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Figure 4: PSD using laser diffraction particle size analyzer of GP-125.

The FTIR transmittance spectrum of GP-125 is reported in figure 5. The feature appearance

of the spectrum is characteristic of that of a soda-lime silica glass  [47, 58-61].  Thus, the main

intense band around 1040 cm-1 with two shoulders at 1200 and 930 cm-1 is attributed to asymmetric

stretching  modes  of  the  amorphous  Si-O-Si  network.  The  less  intense  signal  at  770  cm -1 is

originating from symmetric Si-O-Si stretching. It is worth mentioning that the band at 1040 cm -1

correspond to the asymmetric stretching vibrations of Q3 entities and the  shoulders at 1200 and 930

cm-1 to Q4 and Q2 entities, respectively [61-63].  The symbol Q represents one SiO4
4− tetrahedron

and a superscript denotes the number of bridging oxygen atoms. The peaks at 471 cm−1 can be

attributed to bending modes of Si–O–Si or O–Si–O. The presence of carbonate was confirmed by

the bands at  1430 and 1410 cm-1.  The bands at  3785 and 3665 cm-1 are attributed to different

stretching modes of  silanol  Si(OH) groups.  Those at  3500 and 1600 cm-1 are  assigned to O-H

stretching and bending modes in water group, respectively. Bands around 2929 and 2850 cm-1, are

attributed  to  asymmetric  and  symmetric  stretching  modes  of  interstitial  H2O  molecules,

respectively.

FTIR results were confirmed by the 29Si MAS-NMR technique (figure 6). 29Si MAS-NMR

spectrum shows an intense and broad (Full Width at Half Maximum, FWHM= 20 ppm) asymmetric
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signal at −92 ppm laying between -70 and -120 ppm which is consistent with a range of amorphous
1Q–4Q silicate units [61]. So, the main peak at -92 ppm is relative to predominant 3Q species,  the

shoulder at -103 ppm is attributed to 4Q species and the small peak at around -80 ppm to 2Q species.

On the other hand, 27Al MAS-NMR spectrum of GP-125 reported in figure 7 exhibits intense and

broad peak at 54 ppm (FWHM= 25 ppm).  This peak is typical of highly disorganized tetrahedral

aluminum species within the amorphous glass system. 

According to the chemical shift ranges of silicon noted on the 29Si-NMR spectrum and the

large amount of alkalis (Na2O + K2O = 22.33%) in the GP-125, we can assume that the majority of

species are Q3 and eventually Q3(1Al) species given the low amount of aluminum.

Figure 5. Infrared spectrum of GP-125.
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 Figure 6: 29Si MAS-NMR spectrum of GP-125.    

 Figure 7:  27Al MAS-NMR spectrum of GP-125.  
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3. Characterization of the zeolitic products  

3.1 Effect of GP particle size

 The XRD patterns of the recovered zeolitic products after hydrothermal treatment  at 60°C

for 6 days using various particle sizes (GP-63, GP-125 and GP-315) are represented in figure 8. For

all patterns, one can see the peaks of Na-LTA zeolite (|Na+
94.75(H2O)39.17| [Si96Al96O384] (ICDD PDF

No.01-089-8015) at 2θ angles 7.2°; 10.0°; 12.5°; 16.1°; 21.7°; 30.0°; 30.9°; 31.1°; 32.6°; 33.4° and

34.3°. Besides, we detected small amount of Na-P1 zeolite (|Na+
6(H2O)12|[Si10Al6O32]); ICDD PDF

01-071-0962) at 2θ angles  12.53°; 21.76°; 28.12° and 33.48°. Nevertheless, for  ZH-125-6d and

ZH-315-6d samples,  there is  small  peaks around  6.2° and 11.6°  2θ which can be attributed to

zeolite FAU X ((|Na+
86(H2O)264|[Si106Al86O384] (ICDD PDF No. 38-0237). It is worth noting that for

all samples there is broad hump between 15 and 35° 2 which indicated the presence of amorphous

material. The semi-quantitative phase analysis of the samples was accomplished with PANalytical

X'Pert HighScore Plus (table 2).  The results showed that the increase of GP particle size, the

increase of zeolite Na-LTA quantity. Indeed, for ZH-63-6d sample the quantity of Na-LTA is about

73% while it is 93% for sample ZH-315-6d.

Figure 8: XRD patterns of zeolitic products ZH-63-6d, ZH-125-6d, and ZH-315-6d. Synthesis 

conditions (T(°C) = 60 ; t (days) = 6; S/L = 10 ; mAS (g) = 0.5).
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Table 2:  Semi-quantitative phase analysis of ZH-63-6d, ZH-125-6d and ZH-315-6d samples.

Zeolite JCPDS N° ZH-63-6d ZH-125-6d ZH-315-6d

Na-LTA (%) 01-073-2340 73 84 92

Na-P1 (%) 01-071-0962 27 16 8

The FTIR spectra of the solids recovered after hydrothermal treatment at 60°C for 6 days,

ZH-63-6d, ZH-125-6d and ZH-315-6d are reported in figure 9. The spectra of the zeolitic products

revealed important changes in relative intensities and width of the bands compared to GP spectrum.

Hence, the band at 1040 cm-1 attributed to asymmetric stretching vibration of Si- O- Si in the GP

was moved to lower wavenumber at 1000-980 cm-1 [34, 65]. This result confirms the destruction of

GP structure and the formation of zeolite framework by linkage between SiO4 and AlO4 tetrahedra.

Thus, the bands at around 1000-980 cm-1 could be assigned to antisymmetric stretching of internal

tetrahedral  T–O bonds (T = Si  or  Al)  in zeolites,  whereas  the  symmetrical stretching ones  are

situated around 750 cm-1. The bands near 675 cm-1 are ascribed to a symmetric stretching of internal

tetrahedra as well as of external linkages. Band near 460 cm–1 was related to T-O bending mode in

aluminosilicate zeolites.  The bands  located at around  560 cm-1 are assigned to the vibrations of

tetrahedra from external linkages of the double four rings (D4R) in the framework of zeolite Na-

LTA [66]. The broad band at 3450 cm-1 and the band at 1650 cm-1 are associated to the stretching

and bending modes of adsorbed water,  respectively  [36].  The bands at  about 1454 cm-1 can be

assigned to C-O stretching in carbonate impurity.
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Figure 9: FTIR spectra of GP-125, ZH-63-6d, ZH-125-6d and ZH-315-6d samples. Synthesis

conditions ( T(°C) = 60; t (days) = 6; S/L = 10 ; mAS (g) = 0.5 ).

The 27Al MAS-NMR spectra of ZH-63-6d, ZH-125-6d and ZH-315-6d products are illustrated in

figure 10. All spectra exhibit one peak centered at 58 ppm which can be ascribed to the aluminum

atoms in a tetrahedral coordination [8, 9, 34, 64-65]. It is worth mentioning that additional peaks

were observed at around 9 ppm for  ZH-125-6d and  ZH-315-6d samples which may indicate  the

presence of another phase beside zeolite having the aluminum in octahedral environment.

 Figure 11 shows the  29Si MAS-NMR spectra of  ZH-63-6d,  ZH-125-6d and  ZH-315-6d

samples.  All  spectra  have  peaks  with  bad  resolution  laying  between  -110  and  -80  ppm.

Nevertheless, spectra of ZH-63-6d and ZH-315-6d  showed mainly strong peak about –89 ppm and

-90 ppm for  ZH-125-6d. These peaks  can be assigned to Si(4Al) and Si(3Al) of zeolite Na-LTA

and Na-P1, respectively. Likewise, we detected low intensity peaks at -83, -86 and -94 ppm which

could be attributed to Si(2Al), Si(1Al) and Si(0Al) of zeolite Na-P1 [34, 66-67]. 
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Figure  10:  27Al  MAS  NMR  spectra  of  ZH-63-6d,  ZH-125-6d and  ZH-315-6d. Synthesis

conditions (T(°C) = 60; t (days) = 6; S/L = 10 ; mAS (g) = 0.5 ).
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Figure 11: 29Si MAS NMR spectra of ZhH-125-6d, ZH-63-6d and ZH-315-6d. Synthesis conditions

(T(°C) = 60; t (days) = 6; S/L = 10 ; mAS (g) = 0.5 ).

       The N2  adsorption/desorption isotherms of samples Zh-125-6d, Zh-63-6d and, Zh-315-6d are

reported in figure 12. The BET surface area (SBET), micropore volume (µV), micropore surface (µS)

and pore diameter (Øpore) of the samples are summarized in Table 3. It should be mentioned that the

GP is  non-porous.  The  adsorptions  isotherms of  the  three  samples  did  not  clearly  display  the

expected type I isotherm, ascribed to microporous zeolites. Nevertheless, they can be classified as

types between II–IV according to the IUPAC classification [68]. We note that for very low relative

pressures (P/P0  0.02), there is an increase in nitrogen adsorption attributed to the filling of the

some  micropores.  The  amount  of  adsorbed  nitrogen  increases  steadily  from  0.02  to  0.4  P/P0,

resulting in the formation of a monolayer followed by multilayer. For relative pressures 0.4 and

0.98 P/P0, we noticed the appearance of hysteresis loops which differ in their sizes. The presence of

hysteresis loops is due to capillary condensation of nitrogen in intercrystal mesopores arising from

the packing of zeolite crystals  [35].  At the relative pressure of 0.9 to 0.98 P/P0,  the adsorption

branch and the desorption branch rapidly increased and coincided at the end. The large adsorption

amount at P/P0 > 0.9 shows the presence of macropores (d > 50 nm) in the samples. Hysteresis

loops of the samples belong to type H3, along with a small amount of type H4 [69]. Type H3 is

attributed to wedge-shaped pores formed by the loose stacking of flaky particles, and Type H4 is a

result of slit-shaped pores resulting from internal parallel pore structure [70]. 

On the other hand, there is a decrease of SBET surface area by increasing GP particle size.

This behavior can be related to the relative quantities of zeolites in each sample. According to Table

1, sample ZH-315-6d which contains 97 wt.% of Na-LTA zeolite has the lowest BET surface area

(3 m2/g), whereas for sample  ZH-63-6d which formed of 73 wt.%  of Na-LTA, the BET surface

area become 61 m2/g. This phenomenon is related to the structure of zeolites Na-LTA and Na-P1.

For zeolite Na-LTA, the presence of Na+ cations near octagonal openings (Ф = 4.2 Å) prevents the

diffusion of nitrogen molecules (Ф = 4.54 Å) in the zeolite framework [1]. Abid et al. [32] prepared

from AS and industrial metasilicate pure zeolite Na-LTA with SBET  = 10.8 m2/g. The exchange of

Na-LTA with Ca2+ cations modified the pore diameter from 4 Å to 5 Å which increased the SBET

from 10.8 m2 /g to = 550.0 m2 /g.

For zeolite Na-P1, the main window dimension of the channel is about 3.1 × 4.5 Å which is not

accessible for nitrogen. Nevertheless, its structure is flexible and has good ion exchange properties.

This performance is attributed to the small crystallite sizes with large external surface areas.
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Figure 12: N2 adsorption–desorption isotherms of ZH-63-6d, ZH-125-6d and ZH-315-6d samples. 

Synthesis conditions (T(°C)= 60; t (days) = 6; S/L = 10 ; mAS (g) = 0.5).

Table 3: BET surface area (SBET), micropore surface area (µS), micropore volume (µV) and pore

diameter (Øpore) of ZH-63-6d, ZH-125-6d and ZH-315-6d samples.  

3.2 Effect of crystallization time 

The  XRD  patterns  of  the  zeolitic  products  obtained  from  GP-125  after  hydrothermal

crystallization at 60 °C after different crystallization periods are illustrated in figure 13. It is clear

that  the main product  is  the zeolite  Na-LTA  (|Na+
96(H2O)216|[Si96Al96O384]), JCPDS No.  01-073-

2340).  After  2  days  of  crystallization,  small  peaks  relating  to  Na-LTA zeolite overcoming the

amorphous phase appeared.  The increase of crystallization period from 2 to 6 days increases the
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Samples SBET

(m2/g)

µS

(m2/g)

µV

(cm3/g)

Øpore

(nm)

ZH-63-6d 27% Na-P1 61 24 0.137 10.9

ZH-125-6d 16% Na-P1 27 19 0.055 10.8

ZH-315-6d 8% Na-P1 3 3.8 0.012 15.9



peak intensities of Na-LTA zeolite.  Nevertheless,  from 4 to 10 days small  quantities of Na-P1

zeolite (|Na+
6(H2O)12|[Si10Al6O32]), JCPDS No. 01-071-0962 were detected. On the other hand, the

broad hump between 15 and 35° 2 in the patterns of the zeolitic products indicated the presence of

amorphous material. The formation of Na-P1 zeolite can be explained by the transformation of the

metastable zeolite Na-LTA to more thermodynamically stable zeolite Na-P1 at longer reaction time.

This result illustrates Oswald’s rule of successive transformations; the nucleation and crystallization

of the new phase occurs in the supersaturared solution throughout the dissolution of the former

phase [2].

Figure 13: XRD patterns of zeolitic products obtained after hydrothermal treatment of GP-125 at

different crystallization periods (2, 4, 6, 8 and 10 days).  Synthesis conditions (T(°C) = 60; Ø(m)

125; S/L = 10 ; mAS (g) = 0.5 ). 

The SEM micrographs of the zeolitic products obtained from  GP-125  after hydrothermal

crystallization at 60 °C for different crystallization periods are illustrated in  figure 14.  The SEM

micrograph  of  sample  ZH-125-2d  (figure  14b) showed  porous  surface  on  which  particles  of

indefinite morphology are deposited. This porous surface is the result of the dissolution of the glass

particle in the alkaline medium. After 4 days of hydrothermal crystallization (ZH-125-4d sample),
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one can see a layer of gel covering the porous glass fragments and a roughly cubic-shaped growing

zeolite crystals. After 6 days, the cubic morphology of Na-LTA zeolite of ZH-125-6d sample is

well pronounced. After 8 days, micrograph of sample depicted. After 8 days, the SEM micrograph

of the sample ZH-125-8d shows crystals of poorly defined morphology deposited on a fragment of

porous glass. It seems that the crystals of Na-LTA zeolite begun to dissolve. 
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 Figure 14:  SEM micrographs of GP-125, ZH-125-2d, ZH-125-4d, ZH-125- 6d and ZH-125- 8d.

Synthesis conditions (T(°C)= 60; Ø (m) 125; S/L = 10 ; mAS (g) = 0.5 ).
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3.3 Effect of AS quantity 

Figure 15 exhibits the XRD profiles of the zeolitic products recovered after 6 days of hydrothermal

treatment at 60 °C as function of AS quantity.  Table 4 illustrated the SiO2/Al2O3 ratios of the

reaction mixtures before hydrothermal synthesis. It is worth noting that for all samples there is

broad hump between 15 and 35° 2 which indicated the presence of amorphous material. The use of

a small amount of AS (ZH-125-Al-0.125) resulted in the appearance of FAU type structure with

low intensity reflexes contaminated with Na-P1 and Na-LTA zeolites. The increase of the amount

of AS (ZH-125-0.25g, ZH-125-0.5g, ZH-125-0.75g) promotes the formation of LTA zeolite and

enhanced the peak intensities. The further increase of AS (ZH-125-Al-1.0) there is apparition of

hydoxysodalite  zeolite  HS  (|Na+
8(H2O)8|[Si6Al6O24]  ICDD  PDF  No.11-0401)  at  angles  14.01°,

24.38°, and 35.60° 2θ in addition to Na-LTA, FAU and Na-P1 zeolites. It appears that the increase

of the quantity of AS in the synthesis mixture (decrease of SiO2/Al2O3 ratio) leads to the gradual

decrease  in  the  Si/Al  ratio  of  zeolite  and  favors  the  crystallization  of  the  Na-LTA  zeolite

(Si/Al=1.0). On the other hand, the decrease of the quantity of AS favors the crystallization of

faujasite zeolite (1.0 < Si/Al ≤1.5).

Table 4:  SiO2/Al2O3 molar ratios of the reaction mixtures before hydrothermal synthesis.

AS quantity  (g) 0.125 0.25 0.5 0.75 1.0

SiO2/Al2O3 2.2 1.54 1.11 0.66 0.52
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Figure  15:  XRD patterns  of  products  obtained  after  hydrothermal  treatment  of  GP-125 using

different AS amounts. Synthesis conditions (T(°C) = 60; t (days) = 6; Ø(m) 125; S/L = 10 ).

3.4 Effect of liquid/solid ratio 

The XRD profiles of the solids recovered after hydrothermal treatment of GP at 60°C for 6

days and varying the L/S ratios are depicted in Figure 16. For low water content, XRD pattern of

ZH-125-6d-5  showed the peaks of Na-LTA zeolite contaminated with small  quantity of Na-P1

zeolite. The peak intensities of zeolite Na-LTA are enhanced with the increase of water content till

L/S ratio become equal to 15. The further increase causes a drastic decrease of  peak intensities of

ZH-125-6d-20. For sample  ZH-125-6d-10,  one can see the presence of tiny amount of faujasite

zeolite (peak at  6.1° 2θ)  besides Na-LTA and Na-P1. The increase of water content dilutes the

reaction  mixture,  drops  the  concentration  of  the  primary  species  which  decreases  the  rate  of

nucleation and finally slows down the rate of crystallization and reduces the crystallinity of Na-

LTA [71].
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Figure 16: XRD patterns of zeolitic products obtained after hydrothermal treatment at 60 °C for 6

days of GP-125 using different L/S ratios. Synthesis conditions (T (°C) = 60; t (days) = 6; Ø (m)

125; mAS (g) = 0.5).

3.5 Discussion

The zeolitization mechanism of GP under mild hydrothermal treat- ment (T = 60 ◦ C) can be

divided into three steps:  dissolution,  nucleation and growth mechanism. The dissolution of  the

amorphous structure of the GP is the key step in the formation of zeolites. Indeed, the reaction of

GP with the alkaline solution leads to the hydrolysis of Si-O-Si bonds by the formation of silanol

groups (Si-OH) on the surface of GP and sodium silicate in solution [61]. The dissolution reaction

depends on the tem- perature, the concentration of OH- ions, the L/S ratio, and the particle of the

GP. Nevertheless, the glass network hydrolysis is more rapid when non-bridging oxygen atoms

were present. Site reactivity followed the trend Q1 > Q2 > Q3 > Q4 as reported by Kouassi et al.

[61].  In  our  case,  the  hydrolysis  of  Si-O-Si  and  probably  Si-O-Al  of  GP  gives  rise  to  silica

monomers [SiO(OH)3]- and -[SiO2(OH)2]2- and a small amount- of aluminate monomers Al(OH)4

(the remaining amount of Al(OH)4 is provided by the dissolution of AS). As a result, the reactive

precursors condensed to form an aluminosilicate gel. The condensation of aluminate and silicate

species is  governed by the Si/Al ratio.  For Si/Al= 1,  a  rapid condensation occurs  between the
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aluminate ions and the silicate species. On the other hand, for Si/Al> 1, the silicate species tend to

build up silicate oligomers ([Si2O3(OH)4]2-, [Si3O5(OH)5]3- and [Si4O8(OH)4]4-) for pH values

≥  10  [72] which  in  turn  condense  with  the  aluminate  monomers  to  form aluminosilicate  gel.

Maintained at 60 ◦C, the gel is constantly changing; some parts dissolve, others organize themselves

differently. More stable combinations such as secondary building (S4R, S6R, D4R, D6R...) and

tertiary  building units  (beta  cage)  are  formed and tend to  become predominant  and which  are

capable of reacting with each other to form critical nuclei of the product phase large enough to have

the ability to grow irreversibly. After nucleation, there is incorporation of aluminosilicate units onto

the  surface  of  the  crystal  causing  a  growth  of  the  size.  In  this  step,  a  series  of  transitory

thermodynamically-metastable  intermediate  phases  evolves  according  to  the  Ostwald  Law  of

successive  transformations  can  be  observed  [2].  The  initial  precipitation  of  Na-LTA  and  its

subsequent conversion to Na-P1 is observed in the present study. According to the SEM technique,

the majority of the zeolitic materials are located on the external surface of GP waste. Nevertheless,

zeolite crystals can be developed between the waste fragments.

4. Conclusion

The  conversion  of  waste  glass  and  aluminum  scraps  into  zeolites  could  contribute  to  the

enhancement of waste utilization in a high-value application. In this work, the synthesis of zeolites

from waste  glass  and aluminum scarps  was attempted  through hydrothermal  treatment  without

pretreatment. The synthesis was controlled by many factors such as hydrothermal time, particle

size, aluminum concentration and solid /liquid. The Zeolithization of the solid waste at 60 ◦C for 6

days allowed us to prepare a mixture of Na-LTA and Na-P1 type zeolites. The reduction in the size

of glass waste powder promotes the formation of the Na-P1 zeolite, which is richer in silicon, at the

expense of the Na-LTA zeolite. The zeolite kinetics showed that from 2 days of crystallization the

amorphous phase of the glass waste disappeared and peaks charac- teristic of LTA zeolite appear.

After 4 days, in addition to the LTA zeolite, it was noticed that the intensities of the NaP1 zeolite

appear and grad- ually increase. This can be explained by the transformation of the metastable

phase (Na-LTA zeolite) to a thermodynamically more stable phase (Na-P1). It is well known that

zeolite formation is a kinetically controlled process and the reaction is usually stopped when the

desired zeolite formed. The decrease in the amount of aluminum promotes the synthesis of FAU

zeolite. The study of the effect of the liquid/solid ratio showed that well crystallized LTA zeolite

was obtained with a liquid/ solid ratio equal to 10. The advantage of this study is the recovery of

glass  and  aluminum  waste  into  zeotype  materials  of  high  added  value  and  to  prevent  our

environment from non-degradable solid waste type pollutants.
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	Abstract: In this study, we reported a simple and easy process for zeolite synthesis using waste glass and aluminum scraps. The silica source was obtained from glass of the end-of-life fluorescent tubes and aluminum source was scraps collected from aluminum workshop in the region of Sfax, Tunisia. The zeolitic materials were prepared by hydrothermal treatment at 60 °C for 6 days using 10 g of glass powder mixed with sodium aluminate solution prepared from aluminum scraps. In order to optimize the nature of the recovered zeolites, reaction time, particle size, aluminum concentration and liquid/solid ratio were monitored. T The starting materials and the prepared zeolites were characterized by X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and Nuclear Magnetic Resonance (NMR) of 27Al and 29Si nuclei. The characterization techniques demonstrated that the recovered solid after 6 days of crystallization at 60 °C using different particle sizes (ø <63 μm, ø <125 μm, ø <325 μm) was zeolite Na-LTA contaminated with small quantity of Na-P1.

