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ABSTRACT

In this work, three samples of bauxite were used as inexpensive sources for the

zeolite formation by a green process based on vapor-phase crystallization (VPC)

method. The synthesis was carried out using a water bath with deionized water

heated at 35, 45, 60 or 90 �C. During the process, NaOH pre-fused bauxites were

contacted only with vapor from the liquid. The results indicate that sodalite

formed in all the samples after VPC at higher temperatures (60 �C and 90 �C).

Large amount of zeolite A was instead synthesized in the sample characterized

by SiO2/Al2O3 ratio next to 1 and after vapor treatment at 35 �C and 45 �C.

These data highlight the determining role of both raw material chemical com-

position and amount of water molecules in type of zeolite formed by vapor

crystallization method. Moreover, the results indicate that VPC process made it

possible to synthesize zeolite generating no water waste.

Introduction

Bauxites are aluminum deposits formed as results of

aluminosilicates rocks weathering under warm,

humid, tropical-to-subtropical climate conditions

[1–3]. The chemical and mineralogical composition,

mainly characterized by the presence of boehmite

and kaolinite, makes these rocks as natural sources of

Si and Al and therefore as inexpensive raw materials

for the zeolite synthesis. Several patents and litera-

ture data have in fact documented the zeolite for-

mation by mixtures of bauxite and kaolinite [4–8]

whereas Zhang et al. [9] used rice husk together with

bauxite to form FeSAPO-44 by like-dry-gel process.

Wang et al. [10] synthesized zeolite X directly from

Chinese low-grade bauxite by a two-step synthesis

method based on the alkali fusion activation at 350 �C
followed by hydrothermal process at 90–100 �C. The

use of bauxite to form zeolite was also described by

Liu et al. [11]. The authors reported the synthesis of

zeolite X adding bauxite to laterite during the

hydrothermal process, thus determining the appro-

priate Si/Al ratio for this type of zeolite formation.

Finally, many more papers have documented zeolite

synthesis from waste bauxite products (red mud or

bauxite tailings) [12–19].
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Beyond the numerous materials used to synthesize

zeolites in addition to aforementioned bauxites

[20–26], numerous methods have been employed to

synthesize these minerals ranging from conventional

hydrothermal to ultrasonic or microwave treatments

[27–36]. The processes based on the use of vapor have

also been reused in recent years. A distinction on the

synthesis processes based on steam was performed by

Chen and Huang [37] who, in addition to indicating

dry-gel conversion (DGC) as an alternative method to

hydrothermal process, explained that ‘‘DGC involves

treating pre-dried reactive gel powder in water vapor at

elevated temperature and pressure. DGC can be further

classified into (i) steam-assisted conversion (SAC), where

the pre-dried gel powder containing structure directing

agent (SDA) is separated from a small amount of pure water

in an autoclave which is not in contact with the gel before

heating …and (ii) vapor-phase transport (VPT) in which

SDA liquid/solution is placed at the bottom of the autoclave

rather than in the initial dry gel powder…’’. However,

Matsukata and co-workers consider DGC as a generic

term for both VPT and SAC techniques [38].

Nishiyama et al. [39, 40] were among the first to

perform zeolite synthesis by steam-assisted conver-

sion process (SAC) using non-volatile quaternary

ammonium compounds incorporated into dry gel.

During the process, only water was supplied from

the gas phase. Arnold et al. [41] studied, instead, the

conversion of a dry gel into zeolite [Ga] Beta by dry-

gel conversion (DGC) process. The authors demon-

strated that DGC method determines a breakage and

reformation of chemical bonds inside the dry-gel

particles, but also a redistribution of the solid parti-

cles. The synthesis of ZSM-5 using DGC technique

was successfully performed by Mohammadparast

et al. [42]. In their paper, the authors showed the

formation of nano-zeolites with high crystallinity by

initial gel composed of tetrapropylammonium

hydroxide (TPAOH), aluminum isopropoxide (Al (O-

i-Pr)3), tetraethylorthosilicate (TEOS), H2O and

NaOH. This gel was dried at different temperatures

(100, 115 and 130 �C) before the treatment into auto-

clave with a small amount of distilled water.

The vapor-phase transport method (VPT) was first

developed by Xu et al., 1990 [43] who reported MFI

zeolite formation from amorphous dry gel under

triethylamine, ethylenediamine and water vapor.

Kim et al. [44], demonstrated that an appropriate

high pH allows for zeolite synthesis from alumi-

nosilicate gels by contact with vapor of water or

minimal organic reagent and water. The role of water

and amines during the crystallization of MFI and FER

from dry aluminosilicate gels by VPT method was

also analyzed by Matsukata et al. [45], whereas

Thoma and Neno [46] studied the relationship

between the products of VPT crystallization and both

precursor gel and solvent mixtures. The authors

concluded highlighting that the amount of water in

the VPT solvents represents the determining param-

eter for the zeolite synthesis, whereas the type of

organic molecules has a lower action although it is

necessary for the crystallization process. More

recently, the transformation of amorphous hollow

SiO2–Al2O3 microspheres into microspheres of ZSM-

5 by water–organic vapor-phase transport treatment

was performed by Cheng et al. [47], whereas Dim-

itrov et al. [48] published a comparative study of

zeolite A crystallization from gel by low hydrother-

mal method and vapor-phase crystallization process.

The results indicated that zeolite crystallites formed

by VPT are larger in size (700 nm) compared with the

nanocrystals formed by hydrothermal process at

35 �C, 50 �C and 60 �C (50–100, 200 and 300 nm,

respectively). According to the authors, zeolite size is

controlled by the temperature during the hydrother-

mal process, whereas the size of starting gel particles

involved by vapor treatment determines the larger

size of LTA-type nanoparticle zeolite.

In this paper, a process with low environmental

impact such as the vapor-phase crystallization (VPC)

method was used to form zeolite starting from inex-

pensive natural raw materials without the addition of

pure chemical components or other sources but only

exploiting the chemical composition of three different

bauxite samples.

Materials and methods

Raw materials and samples characterization

The experiments were performed using three sam-

ples of natural bauxite (BAx1, BAx2, BAx3) collected

from Upper Cretaceous bauxites exposed in the

Murge Plateau of southern Italy [1].

The chemical composition of the bauxite samples

(major elements and LOI) was determined by lithium

borate fusion—ICP-OES at the Activation Laborato-

ries (Ancaster, Canada).
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The mineralogy of raw materials and synthetic

products was investigated by X-ray diffraction anal-

ysis (XRD) on randomly oriented powders using a

Rigaku Rint 2200 powder diffractometer, with Cu Ka
graphite monochromatized radiation. X-ray diffrac-

tion patterns were collected in h - h geometry,

within the angular range of 2–70 Æ of 2h, step size of

0.02 Æ , scan step time of 3 s and working conditions of

30 kV–40 mA. The GSAS LeBail method with the

EXPGUI interface [49] was used to complete the

characterization of the samples and determine the

peak profiles contribution and the unit cell parame-

ters of the indexed phases. The ratio between crys-

talline phases (%) was determined by an evaluation

using the software DIFFRAC.EVA (Bruker AXS.

DIFFRAC. EVA V5.1; Bruker AXS GmbH: Karlsruhe,

Germany, 2019). The amorphous material determi-

nation was performed on synthetic products using

WINFIT computer program [50].

Finally, the morphology and chemical composition

of the newly formed zeolites was analyzed by scan-

ning electron microscopy using SEM (Zeiss Supra 40)

equipped with energy-dispersive X-ray analysis

(EDX; Oxford INCA Energy micro analysis system,

x-act Silicon Drift Detector). An estimate of the

overall chemical composition of the synthetic prod-

ucts was also determined. Normalized weight per-

cent (wt%) of the elements O, Na, Mg, Al, Si, Ti and

Fe was measured. The EDX measurements were

taken using accelerating voltage 15 kV, WD = 8.5

mm, aperture Ø 30 lm, measurement time 20 live

seconds, magnification 9 10.000. On each sample,

four different areas were analyzed. Within each area,

a grid of 100 points (10 9 10) was defined (Fig. S1).

VPC synthesis

The experiments were performed by heating a 1:1.2

bauxite and NaOH weight ratio at 600 �C for 2 h. The

resultant fused material was fast cooled and ground

with a mortar and pestle for a few minutes. Each

sample of pre-fused bauxite was then placed in a

ceramic raised holder inside a water bath. The holder

was placed in such a way so that the sample inside

was contacted only with vapor from the liquid. Fig-

ure 1a shows the schematic illustration of set-up

experiment hereinafter referred to as Device #a.

Deionized water was poured into the bottom of

water-bath to produce vapor molecules at 35, 45, 60

and 90 �C for 4 days under environmental pressure.

The synthetic products were finally dried at 80 �C
overnight.

Additional tests were performed on BAx2 using a

modified sample holder consisting of a metal mesh of

a few millimeters (Fig. 1b—Device #b). This new

device permits the total immersion of the raw bauxite

in the steam without even minimal water accumula-

tion in the sample holder.

Figure 1 Schematic illustration of water bath with a ceramic

sample holder (Device #a) and b sample holder consisting of a

metal mesh (Device #b) used to form zeolite by a vapor-phase

crystallization (VPC) method.
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Results and discussion

Raw materials

The chemical composition of the three bauxites is

shown in Table 1. The data indicate that all the

samples are characterized by the presence of high

percentage of Al2O3 estimated equal to 41.41% in

BAx1, 47.92% in BAx2 and 51.80% in BAx3. The

percentage of SiO2 is instead 25.95% in BAx1, 15.95%

in BAx2 and 12.55% in BAx3. The amount of Fe2O3 is

highest in BAx2 (19.18%), comparable and just over

15% in the other two samples. The percentage of TiO2

is also quite high in all the bauxites ranging from

4.41% in BAx3 to 3.71 in BAx1. The amount of Na2O,

MgO and K2O is low and comparable in all the

samples; K2O lowest value is detected in BAx2

(0.04%). Finally, BAx1 shows the highest amount of

CaO (0.49%), whereas MnO is 0.15% in BAx2 and

lower in the other two samples (0.03% in BAx1 and

0.05% in BAx3).

Figure 2 displays the mineralogy of the three nat-

ural raw materials. XRD patterns indicate the pres-

ence of kaolinite, boehmite, goethite, hematite and

anatase. The amount of kaolinite progressively

decreases from BAx1 to BAx3, whereas the amount of

goethite shows an opposite trend. The peaks of

boehmite are higher in BAx3 compared to BAx2; they

are lowest in BAx1.

Based on the chemical and mineralogical results,

the samples of bauxite analyzed are suitable as

sources for zeolite synthesis.

Synthetic products

The results display that zeolite formed in all the

samples. Trace of precipitated non-zeolite phases or

relict phases from raw materials are also detectable.

Figure S2 shows X-ray powder diffraction patterns

for refined synthetic products. Tables S1–S4 display

the percentage evaluation of the main zeolite phase

as well as the estimate chemical composition of all the

synthetic samples.

Table 1 Raw materials chemical composition (wt %)

Sample Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI SiO2/Al2O3

BAx1 0.05 0.18 41.41 25.95 0.05 0.14 0.49 3.71 0.03 15.22 13.37 0.63

BAx2 0.03 0.11 47.92 15.95 0.02 0.04 0.14 4.17 0.15 19.18 12.58 0.33

BAx3 0.03 0.22 51.80 12.55 0.12 0.16 0.22 4.41 0.05 15.74 14.19 0.24

Figure 2 XRPD profiles of

the three bauxite samples:

BAx1, BAx2 and BAx3.

Kln kaolinite; Bhm boehmite;

Hem hematite; Gt goethite;

Ant anatase.
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Figure 3 XRD patterns of: a BAx1; b BAx2 and c BAx3 after vapor-phase crystallization (VPC) process at different temperatures using

Device #a. LTA zeolite A; Sod sodalite; Frk franklinite; Hem hematite; Gt goethite; Ant anatase.
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XRD profiles in Fig. 3 indicate that BAx1 sample

after VPC process at 35 �C using Device #a is charac-

terized by the presence of zeolite with LTA topology

(zeolite A) (Fig. 3a). The newly formed phase is

weakly detectable on XRD patterns of the other two

samples (Fig. 3b, c). These results can be explained

considering that the lower amount of water mole-

cules produced by steam treatment at 35 �C deter-

mines a weak dissolution of Na silicate-

aluminosilicate phases in all the pre-fused bauxite

samples. The following formation of geopolymer

and/or glass amorphous material controls the syn-

thesis of zeolite. The mechanism takes place essen-

tially through a solid-state transformation process of

geopolymers into well-defined crystals.

Detailed XRD pattern in Fig. 4 indicates that BAx1-

VPC35 is characterized by the presence of geopoly-

mer amorphous material, whereas the chemical data

in Table 1 display that SiO2/Al2O3 ratio of BAx1 is

0.63. This means that chemical composition of the

geopolymers formed at the first stage of

crystallization mechanism is close to the stoichio-

metric LTA composition [27], thus explaining the

higher amount of newly formed zeolite A in BAx1-

VPC35 sample (Fig. 3a). BAx2-VPC35, instead, shows

the additional presence of amorphous glass together

with geopolymers, as indicated by second broad

band shifted to lowest angles (Fig. 4). These two

bands attributable to amorphous materials with dif-

ferent initial crystalline order [51–53] are also

detectable on BAx3-VPC35 profile (Fig. 4). The pres-

ence of non-reactive amorphous material (amor-

phous glass) limits the formation of zeolite, thus

explaining the absence of this newly formed mineral

in both BAx2VPC35 and BAx3VPC35C (Fig. 3).

Moreover, the chemical data in Table 1 show SiO2/

Al2O3 ratio much less than 1 for both BAx2 and BAx3

samples.

After VPC process at 45 �C, zeolite A is abundant

in BAx1-VPC45 (Fig. 3a), weakly detectable in BAx2-

VPC45 (Fig. 3b) and present in BAx3-VPC45 but in

less quantity compared to BAx1-VPC45 (Fig. 3c).

SEM images in Fig. 5 confirm the presence of well-

Figure 4 Detail of XRD patterns of bauxite samples after VPC

treatment at 35 �C using Device #a. Full line = geopolymer

material; dashed line = glass amorphous material.

Figure 5 SEM images of: a BAx1 and b BAx3 after VPC

process at 45 �C using Device #a.
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defined cubic LTA morphology in BAx1-VPC45 and

BAx3-VPC45. EDX data of the newly formed zeolite

are shown in Fig. S3. The crystallization of larger

amount of zeolite with LTA topology is generally due

to the higher concentration of water molecules in the

system, according to the higher temperature, thus

determining a larger amount of geopolymers evolv-

ing into well crystalline structure. This is confirmed

by the presence of a broad band made up of

geopolymers in both BAx1-VPC45 and BAx3-VPC45

patterns (Fig. 6). However, Fig. 6 shows that

geopolymer broad band in BAx1-VPC45 is compa-

rable with the amount of this amorphous phase

detected in BAx1-VPC35 (Fig. 4) and this is in

agreement with the same amount of zeolite A ana-

lyzed in both XRD pattern shown in Fig. 3a. Figure 6,

instead, indicates that BAx3-VPC45 is characterized

by the only presence of geopolymer, whereas BAx3-

VPC35 displays the presence of amorphous glass

(Fig. 4). The geopolymerization of no reactive amor-

phous phase due to higher steam concentration

explains the crystallization of LTA zeolite in BAx3-

VPC45 (Fig. 3c).

The presence of no reactive glass amorphous

material (Fig. 6), although in low amount, continues

to limit the formation of zeolite A in BAx2-VPC45

(Fig. 3). The presence of sodalite in this sample

(Fig. 3b) can be explained considering the inhomo-

geneous composition of geopolymeric materials

determining local changes in its arrangement [54].

The treatment with vapor molecules at 60 and

90 �C controls the crystallization of sodalite in all the

bauxite samples (Fig. 3). SEM pictures and EDX

spectrum of this newly formed phase are shown in

Fig. 7 and Fig. S4. The typical rose-like morphology

of sodalite appears to be well defined at lower tem-

peratures (60 �C), whereas it is hinted in BAx2 and

BAx3 increasing the temperature of water bath up to

90 �C (Fig. 7). VPC process at higher temperature (60

and 90 �C) further increases the vapor saturation and,

as consequence, the amount of water available for the

crystallization process. The saturated steam condi-

tions favor the bond breakage required for the re

arrangement of geopolymer amorphous material [46],

thus determining the synthesis of more stable crys-

talline structure of sodalite [27, 55, 56] in all the

bauxite samples (Figs. 3 and 7). Based on these

results, VPC process at higher temperature (60 and

90 �C) can be approximate to a hydrothermal process.

This is in accordance with the hypothesis of Dimitrov

et al. [48] describing VPC method as an intermediate

mechanism between solid-state transformation and

hydrothermal synthesis.

The role of water concentration and form gener-

ated by steam in controlling morphology of zeolite

crystals is confirmed by the experiments carried out

using Device #b and BAx2 sample. XRD patterns in

Fig. 8 show the weak presence of LTA in BAx2-

VPC35 and the increasing amount of sodalite in all

the other samples. However, although X-ray profiles

(Fig. 8) are comparable with the patterns of the same

sample after VPC process using Device #a (Fig. 3b),

SEM images show, instead, some differences. In fact,

the pictures confirm the typical morphology of

sodalite after VPC treatments at 45, 60 and 90 �C
using Device #b, but the newly formed crystals are

smaller and well separated (Fig. 9a’, b’, c’) compared

to the zeolite morphology characterizing the same

BAx2 after VPC treatments with Device #a (Fig. 9a, b,

Figure 6 Detail of XRD patterns of bauxite samples after VPC

treatment at 45 �C using Device #a. Full line = geopolymer

material; dashed line = glass amorphous material.
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Figure 7 SEM images of: a BAx1 after VPC at 60 �C; b BAx1 after VPC at 90 �C; c BAx2 after VPC at 60 �C; d BAx2 after VPC at

90 �C; e BAx3 after VPC at 60 �C; f BAx3 after VPC at 90 �C using Device #a.
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c). This indicates that the interface between raw

materials and support in Device #b plays a key role in

initiating crystallization improving the contact of raw

material with water vapor molecules.

Conclusions

The experiments performed in this work indicate that

natural inexpensive raw materials such as bauxites

can be used to form zeolite by vapor crystallization

process. The SiO2/Al2O3 ratio, the competitive pres-

ence of geopolymers vs glass in amorphous materials

and the general lower amount of water molecules,

control the synthesis of zeolite with LTA topology

during VPC at low temperature (35 and 45 �C). The

larger amount of water by vapor crystallization

treatment at higher temperature (60 and 90 �C)

determines, instead, the formation of more stable so-

dalite with typical well-defined rose-like morphology

by improving geopolymers crystallization. The role

of higher concentration of water vapor in type and

morphology of zeolite formed is confirmed by the test

carried out using Device #b. This device guarantees a

complete immersion of the raw materials in steam,

thus favoring the larger transformation geopolymer

amorphous materials and the following synthesis of

smaller and well-defined sodalite crystals. According

to Chen and Huang [37] classification, the processes

used to form zeolite with both Device #a and Device #b

mainly at higher temperatures could be approxi-

mated to modified SAC and VPT methods,

respectively.

Besides the mechanisms determining the type of

zeolite crystallization, which certainly need more in-

depth analysis, the results shown in this paper indi-

cate that the vapor phase crystallization process

represents a green and economic method to form

zeolite reducing the amount of water and, most

important think, generating no liquid waste generally

produced by conventional hydrothermal method.

Figure 8 XRD patterns of

BAx2 after VPC process at

different temperatures using

Device #b. LTA = zeolite A;

Sod = sodalite;

Frk = franklinite;

Hem = hematite.
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Figure 9 SEM images of BAx2 sample after VPC process at 45, 60 and 90 �C using Device #a, on the left and Device #b, on the right.
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