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__________________________________________________________________________________ 

ABSTRACT
__________________________________________________________________________________  

The aim of the present work was to develop synthesis routes to produce synthetic zeolites 

with industrial attractiveness from inexpensive Bolivian raw materials, such as clays and 

diatomite. The work was focused on the synthesis of low-silica zeolites with the LTA and 

FAU structures but some work was also devoted to the high silica zeolite ZSM-5. The raw 

materials as well as intermediate and final zeolite products were characterized by general 

techniques including scanning electron microscopy, X-ray diffraction, nitrogen adsorption

and inductively coupled plasma mass spectrometry. In addition, the key properties for the 

intended applications, i.e. brightness for LTA zeolite and dynamic CO2 adsorption data for

FAU-type zeolite were evaluated for detergents and adsorbent applications, respectively.

The first part of this study deals with the synthesis of low silica zeolite A from Bolivian 

montmorillonite clay (Paper I). The clay was fused at high temperature with NaOH to render

the material more reactive. Sodium aluminate was added to the mixture to decrease the 

SiO2/Al2O3 ratio. An optimization of the synthesis time was performed. For the sake of 

comparison, the same treatment was applied to commercial kaolin. The final zeolite product 

from Bolivian montmorillonite exhibited high brightness despite the presence of iron in 

appreciable amount in the starting material and the final product. It was concluded that 

magnesium, present in the raw material, exerted a masking effect on iron. The latter was 

incorporated into extraneous magnesium aluminosilica compounds, thereby increasing 

brightness and strongly decreasing the yellowness of the final product. This simple method 

appears as a promising alternative to the complex and costly techniques suggested to reduce 

the iron content in natural raw materials, especially kaolin.

The second part of the study addresses the synthesis, characterization and evaluation of 

FAU-type zeolites from diatomite and chemical grade reagents, respectively. With regard to 

the synthesis of zeolite Y, the diatomite was leached in sulfuric acid to remove impurities

prior to synthesis. This step also resulted in dealumination, which enabled the synthesis of the 

high silica zeolite ZSM-5 (Paper II). However, extra aluminum had to be added for the 

synthesis of zeolite Y (Paper III). In this case, the raw materials were reacted hydrothermally 

and parameters such as the Na2O/SiO2 ratio and synthesis time were investigated. The work 
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showed that it was possible to prepare micron-sized crystals of zeolite Y with a SiO2/Al2O3

ratio of 3.9 at a Na2O/SiO2 ratio of 0.9. Also, zeolite Y with a SiO2/Al2O3 ratio of 5.3 was 

achieved, however with low yield, at a Na2O/SiO2 ratio of 0.6. It was shown that diatomite 

behaved similarly to colloidal silica in traditional syntheses, both sources having in common 

a high degree of polymerization. Zeolite Y with a SiO2/Al2O3 ratio of 5.3 might be useful for 

the production of ultra-stable zeolite Y for use as FCC catalyst. Addition of NaCl to this 

system was also found to completely inhibit the formation of zeolite P and to reduce the risk 

of overrunning by a synergic effect of Na and Cl ions (Paper IV). 

Finally, zeolite X films were grown on steel nonporous monoliths and evaluated as 

adsorbent for CO2 (Paper V). Adsorbents with film thicknesses of 3 and 11 μm supported on

steel monoliths of 1600 cells per square inches were prepared. The structured adsorbents 

showed the expected CO2 adsorption capacity and the CO2 breakthrough fronts were very 

sharp. This illustrates the potential of zeolite NaX coated steel monoliths as promising 

alternatives to traditional adsorbents.

To summarize, zeolites with promising characteristics for detergents, catalysts and 

adsorbents were successfully synthesized from Bolivian raw materials in this thesis work.

However, further characterization is required to qualify these products for industrial 

applications. This study might help the development of poor regions of the Bolivian Altiplano 

and open up for large scale production, since the methods developed in this work are simple 

and non-expensive.
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________________________________________________________

CHAPTER 1 INTRODUCTION
________________________________________________________

1.1. Background

Non-metallic minerals, or industrial minerals that are not primarily a source of metal 

production, show great diversity in composition, property and physical/chemical behaviors, 

all of which are responsible for their tremendous range of industrial applications and end 

uses. Sand, limestone, marble, salt, clay and natural zeolites are some examples of non-

metallic minerals. 

Natural zeolites can be found as minerals in huge quantities. However, due to the high 

requirements on purity and uniformity of particle size, they have limited industrial 

applicability. On the other hand, synthetic zeolites are used in large quantities in many 

industrial applications [1]. Industrial methods for synthesizing zeolites usually involve use of 

chemical grade reagents as starting materials and crystallization from a gel or clear solution 

under hydrothermal conditions. Nevertheless, preparation of synthetic zeolites from chemical 

reagent-grade sources of silica and alumina is costly. 

The cost-effect concern has called the attention of researchers to seek cheaper raw 

materials for zeolite synthesis; many studies have focused their attention to the use of low 

cost aluminosilicate raw materials in order to reduce costs of the final zeolite products. Non-

metallic minerals such as clays and diatomites can serve as aluminosilica sources for the 

production of synthetic zeolites with an adapted pre-treatment procedure.

Zeolites are used in huge quantities in a large number of industrial applications. For 

instance, zeolite A is used as a softener in phosphate free detergents (20-25 % of detergent

composition [2]). This is the largest application (in tons) of any zeolite and thus represents a 

huge market. Zeolite Y is used in the fluid catalytic cracking (FCC) process in oil refineries 

to convert heavy feedstock’s to gasoline. This is the largest application of a zeolite as 

catalyst. Zeolites A and X are also used for gas drying in the industry. 

Bolivia is a country with important non-metallic mineral resources distributed in the whole 

territory, but the most important geological provinces are the occidental mountain range and 

the Altiplano. However, the industrial use of these mineral resources has been limited and the 
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use of new technologies has not been implemented except some small factories of structural 

ceramics.

The conversion of Bolivian clays, feldspars and diatomaceous earth to the valuable 

zeolites A, Y and X consequently represents a potential major income for some regions of 

Bolivia.

1.2. Scope of the present work

In order to reach this objective, the scope of the present work was:

To develop synthesis routes to obtain low silica zeolites (i.e. zeolite A, zeolite X and 

Y) from Bolivian raw materials (clay, diatomite).

To evaluate the properties of the as-synthesized zeolites for intended future 

applications.

To find innovative applications for future use of these zeolites, such as structured 

adsorbents for CO2 removal.

The following introductory sections describe general aspects of the molecular sieve 

zeolites, focusing on zeolite structures, synthesis and properties. Also, particular emphasis on 

zeolite synthesis from natural raw materials is brought up. In addition, the various uses of 

zeolitic materials in industrial and potential innovative application are presented.

1.3. Zeolites

Zeolites are inorganic crystalline aluminosilicates with a network of pores classified as 

microporous materials (pore size < 2 nm). In recent years, the class of zeolites and related 

microporous materials has been greatly expanded. These materials are of particular interest, 

both in the industry and in academia, due to their large variety of properties and areas of 

applications. These applications are growing continuously spanning from adsorption and 

separation to heterogeneous catalysis, and, nowadays, also in green chemistry [3].

Considerable progress has been made in this dynamic field of research, with an emphasis on 

understanding the interplay of physicochemical properties, such as structure, composition, 

texture, and morphology, with the corresponding properties and behavior in the applications.

Consequently, perspectives for new applications can be based on a rational material design.
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Zeolites are highly porous and crystalline aluminosilicate compounds with different pore 

configurations comprising frameworks of [SiO4]4- and [AlO4]5- tetrahedrons with shared 

oxygen atoms. An empirical formula representative of a zeolite can be expressed in the 

following way: 

M x/n [(AlO2) x (SiO2) y] · wH2O

where M is an extra-framework cation (alkaline or alkaline earth metal) of valence n; y/x

represents the SiO2/Al2O3 ratio of the zeolite and w is the number of water molecules. 

The physical and chemical properties of zeolites are influenced by the Si/Al ratio. A low 

ratio causes the surface to become more hydrophilic (having a strong affinity for water) as 

well as a stronger interaction with polar molecules. According to the International Zeolite 

Association (IZA) Structure Commission, zeolites can be categorized in relation to the Si/Al 

ratio; i.e. low silica zeolites (Si/Al = 1-2), medium silica zeolites (Si/Al = 3-10) and high 

silica zeolites (Si/Al = 10- ) [4]. Zeolite structures are assigned a three-letter code by IZA 

Structure Commission, e.g. LTA for Linde Type A (Linde Division, Union Carbide) for 

zeolite A, FAU (Faujasite) for zeolite X and Y and MFI for ZSM-5, etc. The main structural 

difference between zeolites is the size of the pore openings that can vary in the micropore 

range from ~2 to 13 Å. Factors influencing the size of the pores are the location, coordination 

and size of the extra-framework cations, i.e. Na+ substitution by either K+ or Ca2+ cations 

causes a decrease or an increase of pore aperture in zeolite A, respectively.

In this work, synthesis paths leading to the low silica zeolites with sodium as the main 

extra-framework cation were studied, i.e. zeolite A and the zeolites X/Y having LTA and 

FAU framework type, respectively. In addition, high silica zeolite ZSM-5 was also prepared 

by taking advantage of the purified and dealuminated diatomite with increased SiO2/Al2O3.

In Table 1.1, the main applications of the zeolites investigated in the present work are

presented according to the Si/Al ratio. 
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Table 1.1 Major applications of zeolites of importance for the present work.

Framework 

code
Zeolite Type

Si/Al 

ratio
Major application

LTA Zeolite A 1-1.7 Detergent builder, industrial gas dryer

FAU
Zeolite X 1-1.5 Industrial gas drying, O2 enrichment of air

Zeolite Y 1.5-5.6 Fluid catalytic cracking catalyst

MFI ZSM-5 10- Xylene isomerization

GIS Zeolite P ~2.2 Cation exchanger

1.3.1. LTA zeolites

Zeolite A is one of the major components in detergents due to its ion exchange properties 

used to soften water [5]. Zeolite A (LTA) (Figure 1.1) defined by a Si/Al ratio of 1, is a low 

silica zeolite represented by the following formula: Na12[(AlO2)12(SiO2)12]·27H2O. The 

crystal structure is cubic with a lattice parameter of 12.32 Å. Zeolite A is characterized by a

three-dimensional network consisting of cavities of 11.4 Å in diameter separated by circular 

openings of 4.2 Å in diameter [6]. It is composed of sodalite cages (Figure 1.1), which are 

linked via double four- -cage. In Figure 1.1, 

silicon and aluminum atoms are placed at the vertices and connected by lines. Zeolite A 

possesses excellent properties, such as non-toxicity, high porosity and surface area, relatively 

good thermal stability and environmental friendliness. Consequently, NaA zeolite (sodium 

form of zeolite A) is of great industrial importance due to its molecular sieving, ion exchange 

and water adsorption properties. 

Figure 1.1 Schematic representation of LTA zeolite. Filled circles, open circles and circles with black 
dots represent Si, Al and O respectively [7].
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1.3.2. FAU zeolites

The FAU-type zeolite (Figure 1.2) comprises zeolite X with a Si/Al ratio between 1-1.5 

and zeolite Y with a ratio greater than 1.5 [1]. The basic structural units for this type of 

zeolite are sodalite cages ( -cages) which form supercages ( -cages) able to accommodate 

spheres up to 1.2 nm in diameter. -cages are linked together by double six-membered rings 

(D6R) and form the supercages (Figure 1.2), which have a diameter of 13.0 Å. The structure 

is composed of perpendicularly intersected equidimensional channels. The openings to these 

large cavities are 12-membered oxygen rings with a free diameter of 7.4 Å. One of the 

faujasite-type zeolites is zeolite NaY, which has extensive industrial applications as a catalyst 

for a variety of reactions [8].

                                                          

Figure 1.2 Schematic representation of FAU zeolite, the sodalite cages are linked to each other 

via double six-membered rings forming the supercage; silicon and aluminum atoms are placed at 

the vertices and connected by lines [9].

1.3.3. ZSM-5 as zeolites

ZSM-5 (MFI), a high silica zeolite, belongs to the pentasil family. It can be synthesized in 

a wide range of Si/Al ratio varying from 10 to infinity. The structure is composed of a three-

dimensional pore system consisting of sinusoidal channels (5.1 x 5.5 Å) and straight channels 

(5.3 x 5.6 Å) made of 10 member rings, as depicted in Figure 1.3 [10].
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Figure 1.3 Sketch showing the three-dimensional pore system consisting of sinusoidal channels and 

straight channels in ZSM-5.

ZSM-5 is a well-known acid catalyst having a unique microporous structure that confers 

shape selectivity, good thermal stability and acidity. Thanks to these properties, ZSM-5 is 

used widely in the fuel-upgrading and production of petrochemicals [11].

1.4. Zeolite synthesis

Generally, the methods of zeolite production involve dissolving an aluminum source 

(source of AlO4
5- in the structure) in alkaline media. A silica source (source of SiO4

4- in the 

structure), and a template if required, is added to the initial solution, forming a slurry that is 

stirred until a homogeneous gel forms. After aging, the gel is transferred to an autoclave and 

usually heated to temperatures in the range of 353-473 K for a synthesis time varying from 

hours to days.  Most of the zeolites can be obtained at temperatures < 373 K. However, in 

order to reduce synthesis time and control the size of the crystals, thermal treatments are 

often performed at temperatures > 373 K in autoclaves.

The role of each of the aforementioned reactants is summarized in the following table:



7

Table 1.2 Chemical sources and corresponding role in zeolite synthesis.

Source Role

SiO4
4- Primary building unit(s) of the framework

AlO4
5- Primary building unit(s) of the framework,  

charge difference origin in the framework

OH- Mineralizer and provider of basic media

M (alkali cation), 

template

Counter-ion of the framework charge, 

guest molecule, pore stabilizer

H2O
Solvent, guest molecule inside the 

framework

The properties of the starting materials used in the reaction mixture are of great 

importance and influence the properties of the resulting material. Pure chemical grade 

reagents are mostly used to produce materials which fulfill industrial requirements such as 

homogeneity and purity. The use of chemical grade reagents renders the synthesis of zeolites 

expensive. Concerns about energy consumption and production expenses have called the 

attention of researchers to seek cheaper raw materials for zeolite synthesis [12, 13] to reduce

costs. 

1.4.1. Natural raw materials

Many studies on the synthesis of zeolites from raw materials such as kaolin, diatomite, 

bentonite, fly ash, or smectite have been reported [14-16]. Also, additional treatments to 

improve the synthesis yield of zeolites from natural raw materials by using acid treatment 

and/or alkali fusion steps were reported. Kaolin is an ideal raw material for preparing NaA 

zeolite, because it possesses a Si/Al ratio of 1 as in the targeted zeolite. Kaolin has been one 

of the most versatile industrial minerals and was used extensively for many applications [17].

The synthesis of NaA zeolite from kaolin source has been developed since the 1970s [1, 18]

by the hydrothermal reaction of dehydroxylated kaolin (metakaolin) in a sodium hydroxide 

solution. However, kaolin must be activated by calcination at high temperature to produce 

metakaolin, an amorphous material that can be easily digested during zeolite synthesis. 

Therefore, calcination is usually carried out in the temperature range of 773-1273K in order 

to convert kaolin to metakaolin [19]. However, these treatments increase the cost of zeolite 

production.
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An attractive raw material with high silica content is diatomite, a siliceous biologic 

sedimentary rock. It contains mainly amorphous silicon oxide derived from biogenic siliceous 

sediments (unicellular algae skeletons, frustules) and is available in bulk quantities at low 

cost [20]. Being amorphous and silica rich, diatomite does not require any additional heat 

treatment or silica source, both of which representing additional costs for use in the synthesis 

of FAU-type zeolites [18].

Another interesting raw material rich in Si and Al is montmorillonite, a clay mineral in the 

sub-group of dioctahedral smectites. This natural aluminosilicate clay is a 2:1 phyllosilicate

and has a sheet-type structure. There exist charge deficiencies originated by various Si4+

substitutions by Al3+ cations, which require the insertion of alkaline cations, alkaline earth 

cations and water in-between the lamellar interspace. However, natural clays of this type 

usually contain quartz and do not produce a reactive product such as metakaolin upon 

calcination. 

The heat treatment usually required for metakaolinization can be used with advantage to 

fuse raw materials containing quartz under the action of the sodium required for zeolite 

synthesis. It is known that through alkali activation, large amounts of aluminosilicates can be 

transformed into more soluble species [21].

Diatomaceous earth as well as montmorillonite clay can be found in huge quantities in the 

Bolivian territory. Figure 1.4 shows the rough geographical location of the raw materials 

studied in this thesis.

Figure 1.4 Bolivian map and sampling areas where diatomaceous earth (red cross) and 

montmorillonite clay (blue circle) were sampled.
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However, impurities are usually present in natural raw materials. For instance, the 

occurrence of CaCO3 and Fe as impurities is quite common in diatomite type materials and 

clays, respectively. Therefore, adequate treatments must be employed for purification [22].

Moreover, potassium, which is known to promote the formation of zeolite P [23], is also 

common in this kind of raw material meaning that a reduction in potassium content may be

required.

1.5. Main applications of zeolites

1.5.1. Ion exchange

As aforementioned, zeolite structures possess negative charges that are compensated by 

cations and these cations are exchangeable. The use of low silica zeolites as water softener is 

mainly attributed to this property. Hard water contains Ca2+ and/or Mg2+ salts, which 

significantly decrease the surfactant effect of soaps and detergents. To soften the water, the 

Na+ ions present in the zeolite are exchanged with the calcium and magnesium ions present in 

the water, as described in Figure 1.5. Usually, phosphates are used as builder in household 

detergents. Due to the increasing awareness about the polluting effect of phosphates, many 

countries have banned or curtailed the use of phosphates in household detergents. Zeolite A is 

established as the most suitable substitute for phosphate builder in detergents. 

With a molar ratio of Si/Al close to 1, zeolite A contains the maximum aluminum quantity 

in its framework. As a consequence, it contains the maximum number of cation exchange 

sites balancing the aluminum framework, and thus the highest cation content and exchange 

capacity.

Ca2+ + Na[zA]                   Ca[zA] + 2Na+

Figure 1.5 Schematic representation of the ion exchange process.

The application as detergent builder sets requirements on the zeolite A powder:
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The particle size has to be in the range of 1-10 μm [24] to prevent unacceptable 

particle deposition and to avoid particle retention in textile fibers.

A proper morphology of the crystals is required to avoid incrustation; sharp edges in 

zeolite A crystals can be easily entangled in textile fibers and, in contrast, zeolite A 

with rounded corners and edges tend to decrease incrustation on textile materials. 

Brightness is another important property of a detergent builder; it has to be at least 

90% of the ISO reflectance measured on BaSO4 or MgO. 

Calcium exchange capacity (CEC) must be as high as possible with 510 meq

Ca2+/100 g of anhydrous solid being a recommended minimum [5] and 592 meq

Ca2+/100 g the highest achievable value at 294 K and for a 1000 ppm Ca2+ system 

[25].

The properties of zeolite A produced from kaolin in terms of CEC, particle size and 

morphology were found to be adequate for use as detergent builder in previously reported 

works. However problems associated with brightness and yellowness related to the iron

content are usually encountered [26, 27]. Various techniques for removal of iron were 

investigated such as selective flocculation [28, 29], magnetic separation [30, 31] acid 

leaching [32, 33], optimum temperature for metakaolinization [34] and chemical treatments 

[35]. As an example, Chandrasekhar managed to reduce the amount of Fe2O3 in the final 

zeolite product from 0.59% to 0.04% starting with a Chinese kaolin containing 0.69 % Fe2O3

by a combination of several treatments, i.e. clay refining, control of alkali concentration, 

complexing and washing with alkaline water. Significant improvement of the color properties 

of the final zeolite A were reported, i.e. the brightness increased from 72.9 to 81.7% and 

yellowness reduced from 11.5% to 7.8% [36]. Nevertheless, these separation procedures 

represent additional costs to the general process. Simpler methods to achieve the color 

requirements of detergent builders are therefore needed in order to be able to use natural raw 

materials for the synthesis of zeolite A.

1.5.2. Catalysis

Zeolite catalysts may sometimes replace environmentally unfriendly catalysts. Typically, 

zeolite materials yield fewer impurities, have higher capacity, produce higher unit efficiency, 

and afford higher selectivity. Besides, for an industrial catalyst it is very important to exhibit 

outstanding thermal stability, which can be provided by the stable structures of zeolites. 

Unlike the more hazardous acid catalysts that have been used in the past, e.g. solid 
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phosphoric acid, hydrofluoric acid, etc., zeolites are non-hazardous and can be regenerated 

[37].

Zeolites may act as a catalyst support or be the functional catalyst themselves. In this way, 

they are extremely useful in several important reactions involving organic molecules, namely, 

alkylation, acylation, isomerisations, etc. The industrial sectors where zeolites have made 

substantial impact as catalysts include petroleum refining, synfuels production and 

petrochemical production. On the basis of molecular diameter, zeolites can act as shape-

selective catalysts due to their ability to promote a diverse range of catalytic reactions 

including acid-base and metal induced reactions, either by transition state selectivity or by 

exclusion of competing reactants. The reactions can take place within the pores of the zeolite, 

which allows a greater degree of product control [38]. Particularly, FAU (Y) and MFI (ZSM-

5) are widely used in petroleum refining and production of petrochemicals as catalysts. 

Zeolite Y, with a framework topology like the rare zeolite mineral faujasite, has a higher 

thermal and acid stability over the similar zeolite X.  The differences between zeolite X and 

Y in terms of composition and structure were found to have a striking and unpredicted effect 

on the properties. Hence, zeolite Y is the most widely employed zeolite catalyst due to its use 

in the FCC process for the conversion of heavy petroleum molecules into gasoline-range 

hydrocarbons because of its high selectivity, high concentration of active acid sites, and 

thermal stability [39, 40].

The properties of importance for the FCC processes, i.e. Si/Al ratio and crystal size of the 

Y zeolite, can be tailored by an appropriate variation of the synthesis parameters. 

1.5.3. Adsorption

Adsorption is the adhesion of ions or molecules from a gas or liquid to a surface. The 

process creates a film of the adsorbate on the surface of the adsorbent. The adsorption process 

is commonly described through isotherms, which are the amount of adsorbate trapped by an 

adsorbent as a function of pressure (if gas) or concentration (if liquid) at a determined 

temperature. 

The most common applications for gas separation by adsorption include H2 purification, 

dehumidification of gas streams, hydrocarbon separation, natural gas upgrading and CO2

removal. Zeolites are among the most widely reported physical adsorbents for CO2 in the 

open literature, with zeolite X being the most extensively studied [41]. The structural 
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characteristics of zeolites for CO2 adsorption have been extensively reviewed [42]. An 

important property that influences CO2 adsorption is the Si/Al ratio, the lower this value is, 

the higher the adsorption of polar molecules [42]. The pore size of zeolites is another factor 

that influences the rate of CO2 adsorption. Clearly, adsorbate molecules can penetrate the 

interior of the zeolite framework only if the pore size is sufficiently large. Moreover, there is 

a relationship between the CO2 adsorption capacity and the zeolite pore size and dimensions 

of the cavity.

Zeolite NaX adsorbents in the form of pellets and granules (1-10 μm) are used in CO2

adsorption processes. These zeolites adsorb CO2 and high adsorption capacity for pellets has 

been reported for zeolite NaX in several works. At the experimental conditions used in the 

present work, i.e. a partial CO2 pressure corresponding to 10% of atmospheric pressure and 

room temperature, Rodrigues et al. [41] reported a capacity of 2.5 mol CO2/kg zeolite. 

However, a much higher capacity of 3.6 CO2/kg zeolite at 304.4 °C for zeolite NaX powder 

was reported by Myers et al. [43].

Since the adsorption capacity of zeolite X is high, pellets of this material are used in cyclic 

gas separation processes, such as pressure swing adsorption (PSA) and temperature swing 

adsorption (TSA) processes for CO2 separation. However, currently used adsorbents in the 

form of packed beds of beads or extrudates suffer from high internal mass transfer resistance 

in the beads or extrudates and pressure drop in the bed at the high gas velocities that occur at 

short cycle times. It is possible to reduce these limitations by using non-particulate adsorbent 

structures, i.e. structured adsorbents such as monoliths (Figure.1.6), laminates, foams and 

fabric structures [44].

1.5.4. Structured adsorbents

Structured adsorbents have been prepared in our group previously [45, 46]. In these works,

zeolite X or ZSM-5 films were grown on cordierite monoliths and evaluated for CO2 and 

NOx adsorption, respectively. Zeolite NaX-coated cordierite monoliths displayed much 

sharper breakthrough fronts and lower pressure drop than zeolite NaX pellets [47]. A model 

showed that at very short cycle times, structured adsorbents could even reach higher 

productivity than pellets although the adsorption capacity was much lower [46]. It was also 

demonstrated by numerical modeling that the high porosity of the walls in cordierite 

monoliths had an adverse effect on the breakthrough front. The pores in the monolith result in 

dispersion by pore filling with CO2 gas, not adsorption [48]. In contrast to cordierite 
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monoliths, metal monoliths offer many advantages, such as lower heat capacity and lower 

pressure drop. Additionally, steel monoliths are nonporous and therefore will display no 

unwanted pore filling with CO2. Consequently, the preparation of structured NaX adsorbents 

using nonporous steel substrates was evaluated in the present work and the CO2 separation 

was evaluated by breakthrough experiments. Although pure chemicals were used for the 

preparation, these structured adsorbents represent a potential future application, for which 

Bolivian natural raw materials might be used. 

Figure 1.6 Metallic (left) and ceramic (right) substrates [49]. 
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________________________________________________________

CHAPTER 2              MATERIALS AND METHODS
________________________________________________________

2.1. Preparation of zeolites synthesized from natural raw materials 

2.1.1. Zeolite A synthesis (Paper I)

Montmorillonite clay from the Rio Mulatos (RMA) zone (Potosi, Bolivia) and commercial 

kaolin (KFA, Riedel de Haën, pro analysis) were used as aluminosilicate sources. Sodium 

Anhydrous sodium aluminate in powder form (NaAlO2, Riedel-de Haën, p.a.,) was used to 

adjust the SiO2/Al2O3 ratio of the synthesis mixtures. Calcium nitrate (Ca(NO3)2 · 4H2O, 

Merck) and magnesium nitrate (Mg(NO3)2 · 6H2O, Merck) were utilized to investigate the 

influence of Ca and Mg on the color properties of alkali-activated kaolin, while ion exchange 

was carried out with sodium nitrate (NaNO3, Merck). Commercial zeolite A powder (Akzo 

Nobel) was used as a reference. Barium sulfate (BaSO4, Sigma Aldrich, p.a. 99%) was used 

as a standard for brightness and yellowness measurements.

The initial SiO2/Al2O3 molar ratio of the RMA clay was 4.9 (see Table 3.1). Hence sodium 

aluminate was required to adjust this ratio to a suitable value for zeolite A synthesis. NaAlO2 

and NaOH provided the aluminum and sodium to set both the SiO2/Al2O3 and Na2O/SiO2

ratios. RMA clay was added to sodium aluminate and sodium hydroxide and the mixture was 

carefully crushed in an agate mortar until a homogeneous powder was obtained. The crushed 

powder was placed in a platinum crucible and heated at 873 K for 1 hour using a heating rate 

of 10 K/min. The resultant mixture was crushed again, dispersed in distilled water and stirred 

for 6 h in an aging step. In the case of kaolin (KFA), the same procedure was used without 

the addition of sodium aluminate. The molar ratio of the components in the mixtures was 

SiO2/Al2O3 = X, Na2O/SiO2 = 2 and H2O/Na2O = 40 with X varying between 2.0 and 1.15. 

After the aging period, the reaction mixture was transferred to Teflon-lined autoclaves and 

heated at 373 K for different times in order to identify the optimum time. Subsequently, the 

autoclave was quenched in cold water to stop the reaction. The solid products were 

repeatedly washed and filtered in distilled water until pH in the filtrate liquid reached 8-9. 

The products were dried at 373 K overnight. The prepared samples were denoted according 

to the type of clay that was used, namely RMA or KFA, followed by the molar SiO2/Al2O3 

ratio within brackets and synthesis time, e.g. RMA(2.0)-3h corresponds to a sample obtained 



16

from a mixture with a molar SiO2/Al2O3 ratio of 2.0 using montmorillonite clay from Rio 

Mulatos after 3 h of synthesis. 

2.1.2. Synthesis of ZSM-5 (Paper II)

The raw diatomite was stirred in hydrochloric acid for 150 minutes at 388 K. 

Subsequently, the suspension was quenched and the acid leached product was filtered and 

washed with distilled water until the pH value was close to 7. The synthesis mixtures were 

prepared by mixing the aluminosilicate sources with distilled water, NBA and sodium 

hydroxide. The molar ratio in the synthesis mixtures were: Na2O/SiO2 = 0.18; SiO2/Al2O3 =

33; SiO2/NBA = 7; H2O/SiO2 = 30. The mixture was aged under stirring for 24 hours at room 

temperature and was thereafter hydrothermally heated in Teflon lined stainless steel 

autoclaves kept for different times in an oil bath at 438 K. After hydrothermal treatment, the 

solids were recovered by filtration and washed with distilled water until the pH reached a 

value close to 8. Drying at 373 K overnight and finally calcination at 823 K for 6 hours to 

remove the template were applied (see Figure 2.1).

2.1.3. Synthesis of FAU-type zeolites (Papers III, IV)

Diatomaceous earth originating from the Murmuntani zone (Potosi, Bolivia) was used as 

aluminosilicate source. Three different sampling locations were investigated. The 

corresponding diatomite samples are herein referred to as diatomite 1 (D1), diatomite 2 (D2) 

and diatomite 3 (D3). Aluminum sulfate octadecahydrate in powder form (Al2(SO4)3 ·

18H2O, Riedel-de Haën, p.a., > 99%) was employed to adjust the SiO2/Al2O3 ratio to that of 

typical syntheses of zeolite Y. The alkalinity of the synthesis mixture was regulated with 

The raw diatomites were crushed and dealuminated by two different methods: (a) with 3M 

HCl in a spherical glass container under reflux conditions in a thermo-stated oil bath 

maintained at 388 K for 150 min or (b) with 6M H2SO4 at 373 K for 24 hours in an autoclave 

under hydrothermal conditions; the leached products were rinsed with distilled water until the 

pH in the filtrate was close to 7 and dried overnight [50]. Acid treated diatomite (aD1, aD2, 

aD3), as well as a suitable amount of Al2(SO4)3, were added to NaOH solutions of different 

concentrations whilst stirring. The molar ratios of the synthesis mixtures were: Na2O/SiO2 =

0.4 – 2.0; SiO2/Al2O3 = 11; H2O/Na2O = 40. These solutions were aged with stirring at room 

temperature in glass beakers for 24 hours, and the reaction mixture was then transferred to 
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Teflon-lined autoclaves and placed in an oven at 373 K for different periods of time and 

subsequently quenched in cold water. The solid product was separated from the reaction 

mixture by suction filtering using filter paper grade with a pore size of 1 μm and repeatedly 

filtered and dispersed in distilled water until the pH of the filtrate liquid was 9. The final solid 

product was dried in an oven at 373 K overnight and weighed to estimate the yield. Samples 

were denoted according to the Na2O/SiO2 used and the synthesis time, e.g. S0.6-24h

corresponds to a sample obtained from a mixture with a molar Na2O/SiO2 ratio of 0.6 after 24 

h of synthesis. 

Finally, the addition of NaCl to the aD1 synthesis system, as well as different salts 

containing either Na or Cl, was investigated. In this case, the molar composition of the 

synthesis mixture was: Na2O/SiO2 = 1.2; SiO2/Al2O3 = 11; H2O/Na2O = 40 and X/Al2O3 =

40, where X = NaCl, NaNO3, NaF, Na2SO4, KCl, NH4Cl or NH4OH. A schematic illustration 

of the zeolite A, ZSM-5 and Y preparation process is depicted in Figure 2.1.

Figure 2.1 Schematic flux diagram of the zeolite synthesis process
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2.2. Growth of zeolite NaX on steel monoliths (Paper V)

Cylindrical steel monoliths (Metalit, Emitec, Germany) with a cell density of 1600 cpsi 

were used as carriers for the structured adsorbents. Photographs of a monolith are shown in 

Figure 2.2. The weight of each steel monolith used for deposition of zeolite films was 

recorded prior to growth of zeolite films.

Figure 2.2 Characteristic dimensions of the steel monoliths.

Two types of NaX films with controlled thicknesses, 3 and 11 μm, were grown on the 

walls of steel monoliths by a seeding method, similarly as described previously by Öhrman et 

al. [51]. In brief, the monolith was first rinsed with 5% HF for a short time, then with a 0.1 M 

aqueous ammonia solution and subsequently treated with a 0.4 wt % aqueous solution of a 

cationic polymer (Redifloc 4150, EKA Chemicals, Sweden) at pH 8 to render the surface 

positively charged. A 1 wt % aqueous dispersion of zeolite NaX crystals with a diameter of 

80 nm was used for seeding. The monolith was treated with the dispersion for 1 h to adsorb a 

monolayer of the crystals on the surface. The excess of seeds was removed by rinsing with a 

0.1 M aqueous ammonia solution. After seeding, zeolite NaX films were grown on the 

monoliths by hydrothermal treatment in a clear synthesis solution with the molar 

composition: 73Na2O:Al2O3:8SiO2:4547H2O. The synthesis was performed in a glass reactor 

immersed in an oil bath kept at 363 K and connected to a reflux condenser. The synthesis was 

performed in 21 or 70 steps of 65 min each to reach a film thickness of 3 and 11 μm, 

respectively. After each step, the monolith was rinsed with a 0.1 M aqueous ammonia 

solution. After synthesis, the samples were rinsed and dried at 623 K in room air, cooled in 

vacuum and vented with dry nitrogen gas before the weights of the zeolite-coated monoliths 
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were recorded. The weights of the zeolite films were estimated from the difference of the 

weight after synthesis and the weight of the carrier material recorded before synthesis.

2.3. General characterization

The morphology of the raw materials and final zeolite products were studied by scanning 

electron microscopy using a XHR-SEM Magellan 400 instrument. The samples were 

investigated using a low accelerating voltage and no conductive coating was used. Energy 

dispersive spectroscopy (EDS, X-max detector 50 mm2, Oxford Instruments) was also 

performed to establish the overall composition of the final products and to gain compositional 

information about individual zeolite crystals and extraneous phases. 

The morphology of the zeolite X structured adsorbent was investigated using a Zeiss 

Merlin field emission scanning electron microscope. Cross sections of the samples were 

prepared by cooling the sample in liquid nitrogen and immediate fracturing to keep the film 

unaltered. EDS analysis was carried out at 10 kV using a microinjector in order to mitigate 

charging by blowing nitrogen gas close to the surface of the samples 

In the same manner, to determine the Cation Exchange Capacity (CEC) of the zeolite A 

samples, the concentration of Na, Mg, Al and Si was measured with the beam scanning a 

large area of the sample at low magnification (100 times) to avoid diffusion of Na, while the 

concentration of Ca was measured locally in 10 individual crystals. The number of 

equivalents-gram was calculated for Ca2+ in each case. The total exchange equivalents for 

Ca2+ was assessed by subtracting the amount of equivalents of Ca2+ present initially in the 

powder to the final number of equivalents of Ca2+ after the exchanged process.

To determine the chemical composition of the raw materials, final products and the 

structured adsorbents, inductively coupled plasma-sector field mass spectrometry (ICP-

SFMS) analysis was carried out. For this purpose, 0.1 g sample was melted with 0.375 g of 

LiBO2 and dissolved in HNO3. Loss on ignition (LOI) was determined by heating the sample 

to 1273 K.

The mineralogical composition of the raw materials, final zeolite powders, as well as the 

zeolite X films, were determined by X-ray diffraction (XRD) using a PANalytical Empyrean 

X-ray diffractometer, equipped with a PixCel3D detector and a graphite monochromator. 

CuK 1 radiation with -50° at 

a scanning speed of 0.026°/s. The diffractograms were compared with the powder diffraction 

files (PDF) database. Silicon (Merck, p.a., > 99) was used to calibrate the peak position 

during XRD experiments. The unit cell dimension was determined from the data and used to 
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estimate the SiO2/Al2O3 ratio in the crystals by assessing the lattice parameter from the (555) 

reflection of faujasite and using the empirical relationship proposed by Rüscher et al. [52].

x = 5.348a0 – 12.898 (1)

where x = Al molar fraction and a0 = lattice parameter (Å).

Crystallinity of the zeolite products was assessed by calculating the area under the peaks 

in th

30° – 32.5° were used and 6.5° –

7.5° for zeolite A. The following formula was used:   

  (%) =     100 (2)

For zeolite A, brightness and yellowness of the final products were measured on a 

spectrometer using an integrating sphere (Perkin Elmer Lambda 2SUV/VIS). The results 

were expressed in percentage of the reflectance obtained for the Ba2SO4 powder [53].

Brightness was measured at 457 nm, while the difference between the reflectance measured 

at 570 and 457 nm yielded a measure for yellowness. 

For zeolite Y, nitrogen adsorption data at 77 K was recorded using a Micromeritics ASAP 

2010 instrument. Specific surface area was determined by using the Brunauer–Emmett–Teller 

(BET) method. The micropore volume of the low silica zeolite products was determined by 

the t-plot method. = ..  (3)

A commercial powder of zeolite Y (Akzo Nobel, CBV100L-T) was used as reference 

sample for comparison of the results obtained by nitrogen gas adsorption and X-ray 

diffraction.

2.4. Breakthrough profiles

CO2 breakthrough experiments were carried out using several experimental configurations 

as illustrated in Figure 2.3. In these experiments, two steel monoliths were mounted in series 

in a steel column with an inner diameter of 3.2 cm. Graphite tape (Aesseal, Sweden) was 
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wrapped around the column to seal the gap between the monolith and the column. Glass 

beads were placed in the bottom of the column, to reduce the dead volume of the conical 

column entrance. Prior to the experiment, the column was kept at a temperature of 573 K for 

three hours, with a nitrogen (Linde Gas, 99.99%) flow of 0.2dm3/min. After cooling, CO2

breakthrough experiments were conducted at atmospheric pressure and room temperature. 

For this purpose, a feed comprised of 10% CO2 in nitrogen (AGA Gas AB, 99.990% 

CO2/99.9990% N2) with a flow rate of 1.00, 0.50 or 0.25 dm3/min was used. The carbon 

dioxide concentration in the effluent from the column was measured by an IR 1507 fast 

response carbon dioxide infrared transducer (CA-10 Carbon Dioxide Analyzer - Sable 

Systems International, response time 0.5 s). Regeneration of the adsorbent between the 

adsorption steps was carried by heating the column to 393 K, with a nitrogen flow of 0.2 

dm3/min. Heating rates during activation and regeneration of the adsorbent were 2 K/min and 

the cooling rates were lower (self-cooling).

Figure 2.3 Schematic illustrations of the different experimental configurations evaluated for 

breakthrough experiments: (A) Tube (ID 1.5 mm) with a total length of 555 mm connected to the 

breakthrough apparatus, (B) column (ID 3.2 cm) with glass beads, (C) column with 2 steel monoliths, 

graphite tape and glass beads and (D) column with 2 zeolite coated steel monoliths, graphite tape and 

glass beads.
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1

D
1
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The experimental setup for breakthrough experiments consisted of a gas feed section, an 

adsorption column and a gas analysis section, and is schematically shown in Figure 2.4. At 

time zero, the feed was switched from N2 to a 0.2, 0.5 or 1 l/min flow of 10% CO2 in N2

using a pneumatic actuator (switching time of less than 0.1 s) and the CO2 concentration was 

logged by the computer software.

Figure 2.4 Experimental rig for the adsorption experiments; (1) mass flow controller, (2) three-way 

valve, (3) pneumatic actuator, (4) adsorption column with resistive heating, (5) differential pressure 

gauge, (6), mass flow meter, (7) CO2 analyzer, (8) computer.

The CO2 adsorption capacity q of the zeolite on the monoliths was estimated from the 

breakthrough data from the time t to reach C/C0 = 0.5 for the coated monoliths and the time t

to reach C/C0 = 0.5 for the uncoated monoliths using the simple equation:

=    . .  (4)

In this relation, is the partial pressure of CO2, F is the flow rate, R is the ideal gas 

constant, T is the temperature of the gas and m is the mass of zeolite in the breakthrough 

experiment. 
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________________________________________________________

CHAPTER 3       RESULTS AND DISCUSSION
________________________________________________________  

3.1. Zeolites synthesized from Bolivian raw materials 

3.1.1. LTA from Montmorillonite (Paper I)

3.1.1.1. Montmorillonite and kaolin characterization 

The diffractogram of montmorillonite clay (RMA) is presented in Figure 3.1A. The 
o as compared with PDF 

patterns can be noticed, but also the occurrence of quartz in low content. Raw kaolin (KFA in 

= 12.33, 19.80,

20.40, 21.40, 24.81 and 35.11º

The elemental composition of both clays was determined by ICP-SFMS analysis (Table 3.1).

Besides silica and alumina, calcium and magnesium were present in considerable amounts in 

the montmorillonite in comparison to kaolin. However, both clays contained similar amounts 

of iron, i.e. 0.79-0.82 wt. % Fe2O3.

Table 3.1 Main components of the raw materials.

Material

Main components (wt. %) Molar ratio

SiO2 Al2O3 Fe2O3 Na2O CaO K2O MgO LOI SiO2/Al2O3

RMA 63.75 21.95 0.82 0.71 3.19 0.46 4.64 7.20 4.90

KFA 54.43 42.87 0.79 0.13 0.07 1.41 0.30 12.20 2.20

During alkali fusion, montmorillonite and kaolin suffered a structural reorganization.

Fused RMA resulted in formation of different sodium aluminosilicates, i.e. Na2SiO3,

Na4SiO4, NaAlSiO4, Na2(Si3O7), Na1.95Al1.95Si0.05O4, as shown in Fig.3.1B and Fig.3.1D, 

respectively.



24

Figure 3.1 XRD diffractograms of: (A) RMA; (B) fused RMA; (C) KFA and (D) fused KFA.

3.1.1.2. Synthesis optimization

Figure 3.2 shows the XRD diffractograms of the final products after hydrothermal 

treatment at 373 K at different synthesis times. When a molar SiO2/Al2O3 ratio of 2 was used, 

3-4 hours of hydrothermal treatment were required to obtain zeolite A as a unique product 

with high crystallinity for the RMA and KFA clays (see RMA(2.0)-3h and KFA(2.0)-4 in 

Figure 3.2). Significant amounts of amorphous material in the samples were present if shorter 

synthesis times were used (RMA(2.0)-2h and KFA(2.0)-3h in Figure 3.2). Table 3.2 shows 

the overall SiO2/Al2O3 ratios of the final products determined by EDS. RMA(2.0)-3h was 

found to contain an excess of silica with a SiO2/Al2O3 ratio of 2.36 compared to the ideal 

ratio of 2.0. Therefore, the molar SiO2/Al2O3 ratio in the RMA synthesis mixture was varied 

in the range 1.15-2.0. Decreasing this ratio from 2 to 1.8 resulted in a slight decrease of the 

SiO2/Al2O3 ratio in the product to 2.22, see RMA(1.8)-3h in Table 3.2 and also Figure 3.2.

However, it was not possible to lower the ratio in the product further by increasing the 

amount of aluminum in the synthesis mixture. Instead, this resulted in a steady decrease in 

crystal size, while the SiO2/Al2O3 ratio in the product was almost constant. The RMA sample 

prepared with a molar SiO2/Al2O3 ratio of 1.8 were also mainly amorphous for synthesis 

times shorter than 3 h, e.g. RMA(1.8)-2h in Figure 3.2. 
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Figure 3.2 XRD diffractograms of the following samples: RMA(2.0)-2h; RMA(2.0)-3h; 

RMA(1.8)-2h; RMA(1.8)-3h; KFA(2.0)-3h and KFA(2.0)-4h.

Table 3.2 Compositional ratios in the final products determined by EDS.

Sample Ion exchange SiO2/Al2O3 Na/Al 2Ca/Al 2Mg/Al (Na+2Ca)/Al

commercial - 2.08 0.99 n.d. n.d. 0.99

RMA(2.0)-3h - 2.36 0.87 0.11 0.18 0.98

RMA(1.8)-3h - 2.22 0.90 0.12 0.19 1.02

RMA(1.8)-3h Na 2.28 0.93 0.03 0.18 0.96

KFA(2.0)-4h - 2.22 0.97 0.01 0.01 0.98

KFA(2.0)Mg-4h - 2.16 0.99 n.d. 0.16 0.99

KFA(2.0)Mg-4h Na 2.28 0.98 0.01 0.16 0.99

n. d. (non-detected)
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3.1.1.3. Size and morphology of the final zeolite products 

SEM micrographs of RMA(1.8)-3h, KFA(2.0)-4h and commercial zeolite A are 

shown in Figure 3.3.

  

  

  

Figure 3.3 SEM micrographs of: (A)-(B) RMA(1.8)-3h; (C)-(D) KFA(2.0)-4h; (E)-(F) 

commercial zeolite A.

A B

C D

E F
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As shown in Figure 3.3A, RMA(1.8)-3h consisted of cubic crystals ranging between 

0.5-1.5μm in length. Some crystals exhibited intergrowth, which is usually rationalized 

by a high concentration of nuclei [54]. Figure 3.3B reveals that the largest crystals 

possessed chamfered edges, which is favorable for detergent grade zeolites. KFA(2.0)-

4h zeolite crystals showed similar characteristics, except for a slight increase in length 

to approximately 1-2 μm (Figure 3.3 C and D). Comparatively, the crystals in the 

commercial powder were found to measure between 1 and 7 μm in length and to be 

relatively intergrown (Figure 3.3 E and F).

3.1.1.4. Brightness measurements

Brightness and yellowness measurements performed on RMA(1.8)-3h, KFA(2.0)-4h

and commercial zeolite A are shown in Table 3.3. With 94.5% brightness and 3.0% 

yellowness, the sample obtained from montmorillonite after optimal synthesis time 

(RMA(1.8)-3h) exhibited outstanding optical properties, which were superior to those of 

the commercial powder (92.6% brightness and 3.8% yellowness). In contrast, the 

sample obtained from kaolin was slightly orange to the naked eye. Accordingly, low 

brightness and relatively high yellowness values were obtained for KFA(2.0)-4h (Table 

3.3), i.e. 76.4% and 14.4%, respectively. These values are typical of zeolite A powder 

synthesized from metakaolin. Therefore, the alkali fusion method to activate kaolin did 

not seem to influence the final color of the zeolite A powder.

Table 3.3 Brightness and yellowness properties.

Sample Brightness Yellowness

Commercial powder 92.6 3.8

RMA(1.8)-3h 94.5 3.04

KFA(2.0)-4h 76.4 14.4

KFA(2.0)Ca-4h 73.7 11.5

KFA(2.0)Mg-4h 82.1 5.4

KFA(2.0)MgCa-4h 85.6 5.2

Usually, the poor brightness and yellowness of zeolite A powders synthesized from 

kaolin are attributed to the formation of colored iron precipitates (e.g. iron(III) 

hydroxide) during the aging step and the crystallization process [55]. The iron content 
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was found to be 0.44 and 0.54 wt. % by ICP-SFMS in the RMA(1.8)-3h and KFA(2.0)-

4h samples, respectively. Although these amounts were similar and both samples were 

synthesized by the same method, the corresponding final zeolite products showed very 

different optical properties in terms of brightness and yellowness. 

According to the values given in Table 3.1, the major compositional difference 

between the two raw materials investigated in this work was the high content in calcium 

and magnesium in montmorillonite clay. These elements were still present in 

appreciable amounts in the final products as shown by the EDS results in Table 3.2.

Therefore, the difference in optical properties was first attributed to a positive effect of 

one of these (or both) elements. In order to test this hypothesis, amounts of calcium and 

magnesium similar to those present in montmorillonite clay were added to the synthesis 

mixture based on kaolin clay before alkali fusion using nitrates. Three new products 

were obtained and denoted KFA(2.0)Ca-4h, KFA(2.0)Mg-4h and KFA(2.0)MgCa-4h

depending on whether only calcium or magnesium or both elements were added,

respectively. According to the XRD patterns (Figure 3.4A), these new products 

consisted of zeolite A with minor contents of sodalite (~ 5%). Based on the SEM results 

in Figure 3.4B, C and D, these samples exhibited similar morphologies and consisted of 

cubic crystals with rounded edges ranging between 0.75-1.5μm in length with a few 

intergrown crystals. The presence of small amounts of flower shaped crystals was 

attributed to sodalite. The results in Table 3.3 showed that the addition of solely calcium 

slightly improved yellowness. Interestingly, addition of magnesium to kaolin before 

alkali fusion remarkably enhanced the optical properties of the final powder, 

independently of whether calcium was added or not. The corresponding brightness and 

yellowness values were higher than those obtained by Chandrasekhar and colleagues 

[22], who employed a complex combination of chemical treatments to reduce the 

amount of Fe2O3 in the final zeolite product to 0.04 wt. %.
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Figure 3.4 (A) XRD diffractograms of the final products obtained from KFA after 4 h of 

synthesis with addition of Ca, Mg and Ca-Mg and SEM micrographs showing: (B) 

KFA(2.0)Ca-4h; (C) KFA(2.0)Mg-4h and (D) KFA(2.0)MgCa-4h.

3.1.1.5. Cation Exchange Capacity

As shown in Table 3.2, the commercial zeolite A and KFA(2.0)-4h samples were 

completely in sodium form, as evidenced by the Na/Al ratios, which were estimated to 

be 0.99 and 0.97, respectively. However, the as-synthesized samples obtained by alkali 

fusion of montmorillonite clay were not completely in sodium form but also contained 

calcium ions that occupied approximately 11-12% of the sites. With regard to cation 

exchange capacity (CEC), 84% of the exchangeable sites of zeolite A can be 

compensated by Ca2+cations at 294 K, which represents 592 meq Ca2+/100g anhydrous 

solid. Considering the final SiO2/Al2O3 and 2Ca/Al ratios measured by EDS on the 

RMA(2.0)-3h and RMA(1.8)-3h samples, maximum CEC values of 480-487 meq 

B

C D
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Ca2+/100g anhydrous solid could be anticipated for these samples. As a matter of fact, 

loss-on-ignition and ICP-SFMS measurements on the calcium ion exchanged 

RMA(2.0)-3h sample yielded a value of 487 meq Ca2+/100g anhydrous solid. The 

RMA(1.8)-3h sample was ion exchanged with sodium nitrate to verify that the calcium 

ions were exchangeable. As shown in Table 3.2, the 2Ca/Al ratio was reduced from 0.12 

to 0.03, which showed that this was the case. 

To reflect the validity of the quantitative EDS method developed in the current work, 

it is important to remark that all samples investigated in Table 3.2 showed (Na+2Ca)/Al 

ratios very close to 1.0. This reflects the validity of the quantitative EDS method 

developed in this work. It was found to be more reliable than ICP-SFMS because of the 

large error margin of the latter, which brought too much uncertainty on the elements 

present in large amounts.

The results in Table 3.2 indicate that, in contrast to calcium, magnesium was not ion-

exchanged by sodium when exposed to a solution of sodium nitrate, which was 

consistent with the fact that solvated magnesium ions can barely diffuse into zeolite A. 

In addition, the fact that all values of the (Na+2Ca)/Al ratio were close to 1 strongly 

suggest that magnesium was not located inside zeolite A. As a matter of fact, Mg could 

not be detected by local EDS inside zeolite A crystals. This is illustrated by the EDS 

spectrum of Figure 3.5B, which was obtained by point analysis in a zeolite A crystal, 

i.e. the encircled region in Figure 3.5A. Instead, Mg and Fe were found to be 

concentrated in the extraneous material consisting of platelets and finely divided matter 

as revealed in the region delimited by the rectangle in Figure 3.5A and the 

corresponding EDS spectrum in Figure 3.5C. Consequently, our data demonstrate that 

magnesium exerts a masking effect on iron by incorporating the latter inside magnesium 

aluminosilicate compounds with low coloration. This simple method appears as a 

promising alternative to complex and costly techniques developed in order to reduce the 

iron content in natural raw materials.
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Figure 3.5 (A) SEM micrograph showing the extraneous matter in RMA(1.8)-3h; EDS analysis 

of: (B) extraneous matter (dotted square in A) and (C) a zeolite A crystal (dotted circle in A).

3.1.2. ZSM-5 synthesis from diatomaceous earth (Paper II)

To enable controlled synthesis of ZSM-5 and FAU-type zeolite from diatomite, a 

purification and dealumination process of diatomite using a mineral acid was 

performed. The effect of sulfuric and hydrochloric acids was compared. The ICP results 

for the dealumination process of diatomite with sulfuric acid and hydrochloric acid are 

presented in Table 3.4. It is evident that the differences in concentration of the main 

components do not differ appreciably with the exception of Ca. Removal of potassium 

was particularly desirable, as it is known to favor the formation of zeolite P, as a 

secondary phase. The high amount of Ca can be attributed to the sampling location and 

the occurrence of calcium minerals. 

B C
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Table 3.4 Compositions (in mol %) of diatomaceous earth and leached diatomaceous earth by 

ICP-SFMS.

The aD2 HCl raw material was successfully used for the synthesis of ZSM-5 without 

the addition of extra source of neither silica nor alumina, since the SiO2/Al2O3 ratio 

obtained after acid leaching was appropriate for ZSM-5 synthesis (SiO2/Al2O3 = 44). 

The SEM image in Figure 3.6A shows the morphology of the reaction products 

obtained from acid treated diatomite. The ZSM-5 crystals obtained from leached 

diatomite were rounded with an average diameter around 7-8 μm and an aspect ratio 

close to 1. This sample also contained smaller particles and particularly small slabs as 

those encircled in Fig. 3.6A, which were attributed to mordenite. The diffractogram of 

the final reaction product obtained after 12 hours is presented in Figure 3.6 B, where the 

main characteristic peaks correspond to the MFI structure (2 = 7.9; 8.7; 23.0 etc.) in 

good agreement with the reference pattern PDF-042-0024. The intensities of the main 

peak of quartz was similar and of the same order of magnitude as in the leached 

material. Consequently, the quartz content originated from the raw material. However, 

the final zeolite product obtained from acid treated diatomite contained traces of 

mordenite, approximately 5% when compared with the intensity of the main peak of 

ZSM-5. The residual calcium is suspected to have caused the formation of mordenite as 

a side-product.

SiO2 Al2O3 Fe2O3 Na2O CaO K2O MgO SiO2/Al2O3

D2 78.59 5.21 0.22 6.76 4.43 1.28 3.29 15.1

aD2 H2SO4 93.92 2.05 0.03 0.30 2.14 0.27 0.24 45.7

aD2 HCl 96.40 2.17 0.06 0.35 0.49 0.33 0.19 44.0
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Figure 3.6 (a) XRD diffractogram and (b) SEM image of ZSM-5 crystals obtained after 12 

hours of synthesis from diatomite.

The purification process with sulfuric acid was employed for the synthesis of FAU-

type zeolites. 

3.1.3. FAU from diatomaceous earth (Paper III and IV)

3.1.3.1. Diatomite Characterization 

The XRD diffractograms of the raw diatomites are shown in Figure 3.7A. Depending 

on the sampling location, different amounts of halite (NaCl, PDF 01-071-4661), calcite 

(CaCO3, PDF 01-078-4614), quartz (SiO2, PDF 01-085-0457), muscovite 

(KAl2(Si,Al)4O10(OH)2, PDF 00-058-2034), montmorillonite (Ca0.5((Al2Si4O11)(OH)), 

PDF 01-076-8291), chlorite (chamosite Fe3Si2O5(OH)4, PDF 00-010-0404), plagioclase 

(Na0.499Ca0.491(Al1.488Si2.506O8), PDF 01-079-1149) and gypsum (Ca(SO4)(H2O)2, PDF 

01-070-0982) were found to be present in addition to the amorphous background 

attributed to the amorphous silica structure of diatomite. The identified secondary 

phases are typical of diatomites of this type [56].

A B
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Figure 3.7 XRD diffractograms of the different diatomites: (A) D1 (plagioclase-rich), D2

(calcium carbonate-rich) and D3 (calcium sulfate-rich) before acid treatment; (B) acid-treated 

diatomites aD1, aD2 and aD3.

The occurrence of halite was expected, since the raw material originated from Llica, 

a region near the Uyuni salt lake. The composition of the original diatomites and 

corresponding acid leached diatomites was obtained by ICP-AES and the results are 

given in Table 3.5. The main elements in the raw diatomites D1, D2 and D3 were 

silicon and aluminum with SiO2/Al2O3 ratios ranging between 15.1 and 20.1. However, 

Fe, Na, Ca, K, S and Mg were also present as impurities with variable contents 

depending on the sampling location and attributed to the minerals chamosite, muscovite 

montmorillonite in accordance with XRD results in the three diatomites investigated in 

this work. The high concentration in calcium in sample D2 (i.e. 4 wt.% CaO) is 

undoubtedly due to the presence of calcium carbonate in addition to the plagioclase 

corresponding to calcian albite and consisting approximately of a 50-50 at.% solid 

solution of sodium and calcium. The latter was also identified in the other diatomites D1 

and D3. However, the diatomite D3 was the purest raw material containing 

comparatively less amounts of quartz, plagioclase and muscovite. It is noteworthy that 

sulfur was present in the original diatomites and particularly in sample D3 (i.e. 1.68 

wt.% SO4). This was found to be related to the presence of gypsum (calcium sulfate 

dihydrate) crystals as identified by XRD.

Comparison between the XRD (Figure 3.7) and ICP-AES results (Table 3.5) of the 

original materials and the acid treated counterparts (aD) shows that sodium chloride and 

calcium carbonate were removed by rinsing and dissolution by the acid, respectively. 

The acid leaching step was also successful in decreasing the iron and magnesium 
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content. Sulfur was almost completely washed away by the acid treatment in sample 

aD3 due to the dissolution of the gypsum crystals [57].

A dark sedimented layer containing large particles of quartz and plagioclase was 

discarded after the first washing step with water. As a result, calcium represented the 

main impurity after acid leaching of the three diatomites with aD2 containing as much 

as 2 wt% CaO, whereas aD1 and aD3 only contained 0.79 and 0.40 wt% CaO. Another 

direct consequence of the acid treatment was that the SiO2/Al2O3 ratio was increased to 

values ranging between 42.9 and 52.8. Therefore, aluminum sulfate, an inexpensive salt, 

was added to the synthesis mixture in order to adjust the SiO2/Al2O3 ratio to suitable 

levels for the synthesis of zeolite Y.

Table 3.5 Chemical composition of the raw diatomites (D1, D2 and D3) and the corresponding 

acid treated diatomites (aD1, aD2 and aD3) determined by ICP-AES.

Material

Weight (%) Ratio

SiO2 Al2O3 Fe2O3 Na2O CaO K2O MgO SO3 SiO2/Al2O3

D1 77.30 8.01 1.49 7.17 1.84 1.64 1.72 0.35 16.4

aD1 94.07 3.73 0.11 0.31 0.79 0.48 0.16 0.34 42.9

D2 75.83 8.54 0.56 6.74 3.99 1.94 2.12 0.29 15.1

aD2 92.27 3.43 0.09 0.30 1.97 0.42 0.15 1.37 45.7

D3 75.66 6.39 0.77 10.34 0.98 1.73 2.45 1.68 20.1

aD3 95.51 3.08 0.12 0.32 0.40 0.38 0.18 0.01 52.8

SEM micrographs of the three diatomite samples and their acid treated counterparts 

indicated that little morphological changes occurred during the acid treatment. Figure 

3.8 shows the morphology of D1 and aD1. Diatomite exhibits large particles with 

typical shapes of diatomaceous biogenic sediments. Some diatomite particles were 

partially broken in smaller pieces by the mechanical action of stirring during the acid 

treatment but their typical shapes could still be distinguished (Figure 3.8B).



36

A

Figure 3.8 SEM images of (A) diatomite and (B) leached diatomite.

3.1.3.2. Synthesis optimization

Optimization of the synthesis of zeolite Y at different compositions was carried out

at fixed conditions (Table 3.6) with aD2 as aluminosilica source. 

Table 3.6 Composition and synthesis conditions for sample aD2-S0.4 to aD2-S2.0.

Sample
Molar composition Ageing Heating Main product 

(secondary product 

within brackets)SiO2/Al2O3 Na2O/SiO2 H2O/Na2O
Time

(h)

Temperature

(K)

Time

(h)

Temperature

(K)

aD2-S2.0 11.6 2.0 40 24 298 48 373 P

aD2-S1.2 11.1 1.2 40 24 298 48 373 P

aD2-S0.9 11.1 0.9 40 24 298 48 373 FAU, (P)

aD2-S0.8 11.1 0.8 40 24 298 48 373 FAU, (P)

aD2-S0.7 11.1 0.7 40 24 298 48 373 FAU, (P)

aD2-S0.6 11.6 0.6 40 24 298 48 373 FAU, (P)

aD2-S0.5 11.6 0.5 40 24 298 48 373 Amorphous

aD2-S0.4 11.5 0.4 40 24 298 48 373 Amorphous

B
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Figure 3.9 SiO2–Al2O3–Na2O phase diagram showing the distribution of the samples

synthesized and products at different Na2O/SiO2 ratios [1].

Breck and Flanigen [1] identified two different compositional regions depending on 

whether sodium silicate or colloidal silica was used as silica source (Figure 3.9). Using 

aD2 as starting material, only amorphous material was obtained as products for 

Na2O/SiO2 ratios < 0.6 (aD2-S0.4 and aD2-S0.5 in Table 3.6 and Figure 3.9), while 

mixtures consisting of zeolite FAU and P were obtained for Na2O/SiO2 ratio between 

0.6 and 0.9. By further increasing the Na2O/SiO2 ratio, only zeolite P was obtained

(samples aD2-S1.0, aD2-S1.2 and aD2-S2.0). It was possible to reproduce these results 

by using aD1. Unexpectedly, the purest diatomite aD3 did not yield faujasite for 

Na2O/SiO2 ratios below 0.7. 

Sample aD2-S0.6 obtained after 48 hours of synthesis time showed evident signs of 

overrunning (Figure 3.10). Zeolite P crystals (tetragonal) appear to grow on dissolving 

FAU zeolite crystals. Both zeolites showed comparable SiO2/Al2O3 ratios, namely 4.36 

for FAU and 4.30 for P as determined by XRD and EDS, respectively. Hansen et al.

reported tetragonal zeolite P with similar characteristics and SiO2/Al2O3 ratio of 6.9 
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(PDF 40-1464) [58]. Such nucleation and growth of zeolite P on dissolving faujasite has 

already been observed by SEM and TEM [59, 60]. It is well-known that zeolite P is a 

more stable phase than zeolite FAU and that the former can nucleate before complete 

formation of the latter [18].  Therefore, to maximize the yield of the FAU zeolite and to 

limit the formation of zeolite P, synthesis time was reduced below 48 h for Na2O/SiO2

ratios between 0.6 and 2.0 using aD1 as starting material.

 

Figure 3.10 SEM of aD2-S0.6 for 48 h.

For a sample prepared from a gel with a Na2O/SiO2 ratio of 0.6 and 30h of 

hydrothermal treatment, XRD shows that zeolite P was absent. Instead amorphous 

material is observed (Figure 3.11A). Consequently it was not suitable to obtain pure

FAU zeolite for this composition. Similar behavior was observed for a ratio of 0.7

(Figure 3.11B), for which 28 h was the optimal time to avoid the presence of zeolite P. 

For a Na2O/SiO2 ratio of 0.8, FAU zeolite nearly free from zeolite P was obtained after

15 h (Figure 3.11C); however, the background indicated the presence of a small amount 

of amorphous material. Reducing time to 13, 6 and 6h for Na2O/SiO2 ratios of 0.9, 1.2 

and 2.0, respectively, prevented the formation of zeolite P and resulted in FAU zeolite 

with high crystallinity as the only product, as shown in Figure 3.11 (D), (E) and (F), 

respectively. 
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Figure 3.11 XRD diffractograms of the solid products obtained after different synthesis times 

for Na2O/SiO2 ratios of: (A) 0.6; (B) 0.7; (C) 0.8; (D) 0.9; (E) 1.2; and (F) 2.0.

Interestingly, although no FAU could be synthesized for Na2O/SiO2 ratios below 0.7

when aD3 was used, a well-crystallized FAU product was obtained when this ratio was 

set to 0.85 and synthesis time to 13 h (Figure 3.12).
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Figure 3.12 XRD diffractogram of the sample aD3-S0.85-13h.

3.1.3.3. Characteristics of the final product

Optimal synthesis time

Table 3.7 gives the SiO2/Al2O3 ratio in the FAU crystals determined by X-ray 

diffraction for the different Na2O/SiO2 ratios tested, as a function of synthesis time and 

type of raw material used. For each Na2O/SiO2 ratio except 0.6, the observed values are 

constant within deviations of 0.2, which was found to be the precision of the method. 

As shown above, after passing an optimal synthesis time, zeolite P appeared in all cases 

and the FAU particles started to dissolve. Therefore, the nucleation of zeolite P and 

subsequent dissolution of FAU-zeolite resulted in a rather constant measured 

SiO2/Al2O3 ratio in the dissolving FAU crystals, except for a Na2O/SiO2 ratio of 0.6 

which showed a strong decrease of this parameter along with dissolution of the FAU 

crystals. This suggests that the shell of the FAU crystals is Si-rich and the core Al-rich 

in aD2-S0.6. This has already been observed experimentally on large FAU-crystals by 

energy dispersive spectroscopy [61] or on Ce3+ exchanged zeolite Y by X-ray 

photoelectron spectroscopy [62].
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Table 3.7 SiO2/Al2O3 composition determined by XRD of the FAU products from optimal 

synthesis time and further on. 

 

Starting
material  

Na2O/SiO2
SiO2/Al2O3

6h 9h 12h 13h 14h 15h 28h 30h 33h 36h 48h

aD1,

aD2

0.6 5.3 4.8 4.7 4.6

0.7 4.7 4.6 4.7

0.8 4.1 4.0

0.9 3.9 3.6 3.7

1.2 3.0 3.2 3.4

2.0 3.4 3.0 3.2

aD3 0.85 3.9 3.9 4.0

Particle size

Figure 3.13 shows scanning electron micrographs of all samples obtained at optimal 

synthesis time. All samples contained euhedral particles consisting of more or less 

intergrown crystals with octahedral symmetry. Particle size clearly increased as 

alkalinity was decreased by lowering the Na2O/SiO2 ratio from 2.0 to 0.7 (Figure 3.13

A-E), specifically from 0.5 μm for aD1-S2.0-6h to 2.3 μm for aD1-S0.7-28h. The 

degree of intergrowth also clearly diminishes with lowering the Na2O/SiO2 ratio in the 

same range, more well-defined crystals with octahedral symmetry formed as the 

Na2O/SiO2 ratio was gradually decreased. However, particle size was found to decrease 

and the degree of intergrowth to increase again for aD1-S0.6-30h (Figure 3.13 F). For 

Na2O/SiO2 ratios less than or equal to 0.8, the presence of unreacted materials becomes 

obvious (Figure 3.13 D-F). Large non-reacted diatomite skeletons were still present in 

aD1-S0.6 after 30h of synthesis, as shown in Figure 3.14A.
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Figure 3.13 Scanning electron micrographs of all zeolite Y samples obtained from aD1 at 

optimal synthesis time: (A) aD1-S2.0-6h; (B) aD1-S1.2-6h; (C) aD1-S0.9-13h; (D) 

aD1-S0.8-15h; (E) aD1-S0.7-28h; (F) aD1-S0.6-30h.

Although the reactivity process window with respect to alkalinity was narrower on 

the low alkalinity side for aD3 in comparison with the other leached diatomites, the 

well-crystallized final product obtained for aD3-S0.85-13h (Figure 3.14 B) exhibited 

particles with morphology and size consistent with aD1-S0.8 and aD1-S0.9.

A B
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Figure 3.14 Scanning electron micrographs showing: (A) a large fragment of diatomite 

remaining in aD1-S0.6 after 30 h of synthesis; (B) aD3-S0.85 -13h.

Yield of FAU crystals

The amount of FAU zeolite produced can be approximately estimated from the 

measured microporosity yield and X-ray crystallinity, which are reported in comparison 

to the values of a commercial zeolite Y powder in Table 3.8. High values of the 

microporosity yield and X-ray crystallinity were obtained for Na2O/SiO2 ratios in the 

range 0.85-2.0, which shows that FAU crystals could be produced from diatomite at a 

high yield. However, the unreacted remaining minerals e.g. quartz and plagioclase 

identified by XRD in Figure 3.7, most likely influenced the values of the microporosity 

yield that could be achieved. The increase of the crystallinity values as the Na2O/SiO2

ratio was decreased from 2.0 to 0.85 was attributed to textural effects due to particle 

size. However, the microporosity yield and X-ray crystallinity values dropped 

dramatically as alkalinity was decreased for Na2O/SiO2 ratios below 0.85 due to non-

dissolved fragments of diatomite.

Formation of zeolite P

Table 3.8 also shows the yield in terms of aluminum ( Al) calculated from 

gravimetric measurements and ICP-AES. Interestingly, this value oscillates around 1, 

between 0.87 and 1.36. Since yield values cannot be higher than 1, indicating that all 

aluminum introduced in the synthesis mixture is present in the final solid product, the 

results are influenced by the error of the ICP-AES method. Considering that high 

microporosity yield and X-ray crystallinity values were obtained for Na2O/SiO2 ratios in 

the range 0.85-2.0 and that these results corresponded to the longest allowed synthesis 

time for obtaining FAU zeolite as the sole product, it can be concluded that it is the 

A B
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depletion in aluminum that triggered the formation of zeolite P in these samples. It is 

well known that aluminum is preferentially consumed over silicon in the beginning of 

the growth of FAU zeolites and that growth ceases as aluminum is depleted, which 

renders the synthesis of high silica FAU difficult. This is usually assigned to the fact 

that aluminate ions are necessary for the formation of sodalite cages, which are part of 

the FAU structure [63].

Table 3.8 Yield, SiO2/Al2O3 ratios and porous properties of the final products of the optimized 

syntheses.

Sample

Yield in 
terms 
of Al
( Al)

EDS 
SiO2/Al2O3

ratio
(REDS)

XRD
SiO2/Al2O3

ratio 
(RXRD)

X-ray 
crystallinity

Surface 
area
BET

(m²/g)

External 
surface 

area
(m²/g)

Micropore 
volume
(cm³/g)

Microporous
yield

aD1-S0.6-30h 0.97 4.6 5.3 0.18 94.4 29.61 0.030 0.10

aD1-S0.7-28h 0.92 4.4 4.7 0.22 107.7 44.88 0.029 0.09

aD1-S0.8-15h 0.99 4.0 4.1 0.48 466.6 44.55 0.197 0.63

aD3-S0.85-13h 0.99 4.1 3.9 0.94 584.5 35.84 0.255 0.82

aD1-S0.9-13h 0.87 3.8 3.6 0.81 618.4 51.76 0.264 0.85

aD1-S1.2-6h 1.13 3.2 3.1 0.73 611.0 60.51 0.256 0.83

aD1-S2.0-6h 1.36 3.5 3.4 0.69 646.2 56.57 0.276 0.89

zY com - 5.2 5.2 1.00 717.1 51.21 0.311 1.00

SiO2/Al2O3 ratio

The SiO2/Al2O3 ratio in the zeolite (RXRD in Table 3.8) increased steadily as alkalinity 

decreased in our system using diatomite as silica source reaching values of 3.9 or higher 

for Na2O/SiO2 ratios 0.85. It has been shown by different research groups that the 

SiO2/Al2O3 ratio increases in various zeolites as the excess alkalinity decreases [64, 65].

However, the synthesis of high silica faujasite usually requires the use of colloidal silica 

as silica source, since FAU crystals with SiO2/Al2O3 ratios larger than 3.9 cannot be 

obtained in the SiO2-Al2O3-Na2O-H2O system by utilizing sodium silicate [1]. The use 

of diatomite also allowed SiO2/Al2O3 ratios larger than or equal to 3.9 to be reached in 

the compositional field identified for colloidal silica by Breck and Flanigen (see Figure 

3.9). Hence, our results suggest that the higher polymerized state of silica in colloidal 
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silica and diatomite seems to play a role in the formation of high silica faujasite. It 

might be due to the release of larger silica species [64] or by further decrease of 

alkalinity during depolymerization of the starting silica source [66], or a combination 

thereof. However, diatomite was too bulky to be completely consumed under the 

investigated synthesis conditions. 

Potential use as FCC catalyst 

According to Breck and Flanigen’s definition, zeolite X is formed when the faujasite 

structure contains aluminum such as the SiO2/Al2O3 ratio is below 3 [3]. This definition 

was confirmed by Rüscher et al. who argued that both domains of zeolite X and Y exist 

above this ratio and that pure zeolite Y can only be claimed if ratio is greater than or 

equal to 5.4 [39]. This limitation was based on the resistance against amorphization 

during dealumination by steaming. In light of these definitions, all final products 

obtained in this work can be denominated zeolite Y. However, syntheses aD1-S2.0-6h 

and aD1-S1.2-6h produced FAU crystals with SiO2/Al2O3 ratios close to 3 (see Table 

3.8), which therefore can be said to mainly consist of zeolite X with very few zeolite Y 

domains. Breck and Flanigen’s and Rüscher’s studies showed that crystals with a 

SiO2/Al2O3 ratio higher than 3.8 possessed hydrothermal stability only inferior by 

approximately 10% to that obtained for high-silica zeolite Y after steaming at 410°C for 

3 h or 500°C for 5 h, respectively. Therefore, the product of synthesis aD3-S0.85-13h,

which showed a SiO2/Al2O3 ratio of 3.9 and high crystallinity, may be a stable and 

inexpensive alternative for FCC catalysts.  

Influence of impurities in the starting materials

The ions released in solution during dissolution of the minerals and clays were not 

found to affect the course of reaction particularly. The only observation that can be 

made is that calcium and sulfate ions might favor the nucleation of FAU crystals under 

low alkalinity conditions (Na2O/SiO2 ratio of 0.6). In fact, Mg and Ca were found to be 

located inside the FAU crystals by local EDS measurements [67].

Interestingly, the two-fold difference in CaO content between the leached diatomites 

aD1 and aD3 (i.e. 0.79 and 0.40 wt% CaO, respectively, in Table 3.5) resulted in twice 

as less uptake of calcium inside sample aD3-S0.85-13h as compared with FAU zeolites 

prepared from aD1, as indicated by the Ca/Al ratios of 0.05 and 0.09 given in Table 3.9

for aD3-S0.85-13h and the average value of the aD1 samples, respectively. These 
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observations underpin the fact that improved methods must be developed to purify 

diatomite in order to use the latter as aluminosilica source for producing FCC-grade 

zeolite Y. 

Table 3.9 Relative equivalents with respect to aluminum of the cations located in the zeolite of 

the final products. The values were determined by EDS.

Sample Na/Al 2Ca/Al 2Mg/Al (Na+2Ca+2Mg)/Al

zY com 1.00 n.d. n.d. 1.00

aD1 samples* 0.90 0.09 0.02 1.00

aD3-S0.85- 13h 0.97 0.05 0.03 1.05

n. d. (non-detected)

* Average values for aD1-S2.0-6h, aD1-S1.2-6h and aD1-S0.9-13h

3.1.3.4. Addition of NaCl (Paper IV)

The acid treated diatomite aD1 was used to study the influence of the addition of 

NaCl on the synthesis of FAU-type zeolites. The composition with a Na2O/SiO2 ratio of 

1.2 and x = 0 (x = NaCl) was studied as a function of synthesis time. This series is 

hereafter referred to as S1.2-0NaCl. Figure 3.15A shows that FAU zeolite starts to 

crystallize after 1 h and reach maximum crystallinity between 4 and 6h of synthesis 

time. For longer synthesis times (> 6h), a decrease of XRD crystallinity due to 

dissolution of FAU crystals is attained. Instead, the more thermodynamically stable 

zeolite P forms (Figure 3.15B). SEM micrographs of S1.2-0NaCl at different synthesis 

times are shown in Figure 3.16. After 5h (Figure 3.16A), the sample consists mainly of 

FAU-type crystals with octahedral shape and a high degree of intergrowth. Extending 

synthesis time causes the FAU zeolite crystals to be completely replaced by tetragonal 

crystals of zeolite P after 48h (Figure 3.16B).
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Figure 3.15 (A) Relative XRD crystallinity for the S1.2 system with x = 0 and 40 as a function 

of synthesis time. (B) XRD diffractograms for selected samples showing either maximum 

faujasite crystallinity or high degree of overrun.

By addition of NaCl (x = 40, i.e. S1.2-40NaCl) the crystallization rate barely changes

(Figure 3.15A). Similarly, crystallization also starts after 1h and its rate is similar until 2 

h before slowing down during the following 4 h to reach maximum crystallinity after 

approximately 6 h. This time to reach maximum crystallinity is comparable with that 

obtained without the addition of NaCl. However, the presence of NaCl causes 

crystallinity to remain constant over a long period of time, i.e. the FAU XRD 

crystallinity decreases only after 120 h of synthesis. As a matter of fact, the formation of 

zeolite P was completely inhibited and instead another secondary product was identified 

after 240 h of synthesis, namely sodalite (Figure 3.15B).

These results for S1.2-40NaCl were confirmed by SEM observations. It is evident by 

comparing Figure 3.16C and D that no morphological changes occur to the faujasite 

crystals between 6 and 120 h. However, sodalite crystals (white arrows in Figure 3.16E) 

with rounded shape started to grow after 240 h and are more evident after 504 h (Figure 

3.16F). Besides, FAU-type crystals size increased even further, probably by Ostwald 

ripening (white circles).
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Figure 3.16 SEM micrographs showing: S1.2-0NaCl after (A) 5 h and (B) 48h of synthesis 

time; and S1.2-40NaCl after different synthesis times: (C) 6h, (D) 120h, (E) 240 h and (F) 504h.
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Table 3.10 Data on silicon partition, relative XRD crystallinity, SiO2/Al2O3 ratio, microporous 

yield and external surface area.

Sample
Si 

in final solid
(% of all Si)

Relative XRD 
crystallinity

(%)

XRD 
SiO2/Al2O3

Microporous 
yield
(%)

External 
surface 

area
(m2/g)

S1.2-0NaCl-5h 50 87.7 2.91 79 42.5

S1.2-40NaCl-6h 52 63.3 2.71 93 65.0

S1.2-40NaCl-120h (5d) 48 65.8 2.66 92 81.2

S1.2-40NaCl-240h (10d) - 54.9 2.66 68 43.5

Commercial zeolite Y - 100 5.16 100 49.5

Although the relative XRD crystallinity was lower for S1.2-40NaCl-6h than for S1.2-

0NaCl-5h with 63.3 and 87.7 respectively, the sample with NaCl addition showed a 

higher crystallinity from microporous yield, i.e. 93% to be compared with 79% in the 

absence of NaCl (Table 3.10). Interestingly, both samples consisted mostly of FAU 

crystals and were produced at comparable yield as indicated by the partition of silicon 

between the liquid and the final product for the corresponding syntheses, i.e. 50 and 

52% of the total silicon present in the final solid product in S1.2-0NaCl-5h and S1.2-

40NaCl-6h, respectively. By measuring crystal size in SEM micrographs on a large 

number of crystals, the corresponding size distribution for both samples was obtained, 

as shown in Figure 3.17. A median size of 600 nm was measured on S1.2-0NaCl-5h.

The 10% decrease in size for S1.2-40NaCl-6h, i.e. 540 nm, might have caused a 

decrease in intensity of the diffracted peaks used for calculating crystallinity, while it 

contributed to expose more external surface area for probing the microporous volume, 

as shown in Table 3.10 by the higher value of the specific external surface area for S1.2-

40NaCl-6h compared with S1.2-0NaCl-5h.
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Figure 3.17 Crystal size distribution in S1.2-40NaCl-6h (black) and S1.2-0NaCl-5h (striped

pattern).

Table 3.10 also gives information about the SiO2/Al2O3 ratio in the FAU crystals 

determined by X-ray diffraction for the samples with x = 0 or 40. Samples synthesized 

in the presence of a large amount of NaCl exhibit a lower SiO2/Al2O3 ratio of 

approximately 2.7 compared with 2.9 without NaCl addition. Previously, it was shown 

that all the aluminum was present in the final solid product. Therefore, the addition of 

NaCl must have promoted incorporation of Al from plagioclase or an intermediate 

product into the framework of the zeolite which might also be responsible for the higher 

microporous yield of the S1.2-40NaCl samples (93 and 92% for 6 and 120 h, 

respectively) compared with S1.2-0NaCl (79% for 5 h). The same trend was reported in 

Paper III, in which higher Na2O/SiO2 ratios by addition of NaOH led to lower 

SiO2/Al2O3 ratios in the FAU-type zeolite. A higher incorporation of aluminum in the 

zeolite framework is expected in the case of high availability of charge balancing Na+

cations.

Furthermore, the addition of NaOH and NaCl influenced the crystal size obtained by 

increasing the Na2O/SiO2 ratio. Since the S1.2-0NaCl-5h and S1.2-40NaCl-6h samples 

reached maximum crystallinity with similar yields according to the final partition of 
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silicon (Table 3.10), NaCl clearly influenced nucleation, probably by increasing the 

number of nuclei, resulting in smaller final crystals. Classical theories usually 

interpreted this behavior as an increase of supersaturation [68]. Recently, Liu et al. [69]

reached a similar conclusion based on inorganic salts that were introduced to the 

synthesis mixture under controlled synthesis parameters, such as alkalinity and 

crystallizing temperature. The results showed that the particle size of zeolite Y could be 

apparently decreased by introduction of NaCl. Also, Zhan et al. [70] showed that 

particle size is reduced by the addition of NaCl at low concentration (down to Na/Si =

0.001). Zhan et al. also suggested that the formation of FAU zeolite is favored over 

LTA by NaCl promoting the formation of more building units of 6 membered rings (6R 

and D6R) over 4 membered rings (4R and 4DR), the latter being the precursors for 

zeolite A and zeolite P (only 4R). This seems to be caused by the transformation of 4R 

and D4R to 6R and D6R. As a result, there probably exist a higher number of 6-

membered rings for connecting sodalite cages to form FAU-type zeolite crystals than 4-

membered rings for connection of sodalite cages in the configuration leading to LTA-

type crystals. This may be also the reason why the formation of zeolite P is inhibited 

and that FAU-type zeolite directly forms sodalite (composed by sodalite cages) at very 

long synthesis time in the presence of NaCl. 

In addition, Na+ ions could be responsible for these observations, since it is known as

a “structure-directing agent” for sodalite cages. However, considering the findings of 

Zhang et al. [70], Cl- was demonstrated to strongly promote the formation of FAU-type 

zeolites. To test this hypothesis, NaCl was substituted with different salts in the aD1-

S1.0-40NaCl-120h system. The ratio x = salt/Al2O3 was set to 40 with respect to Na+ or

Cl- contained in the salt. XRD of the resulting products are presented in Figure 3.18. As 

discussed earlier, the addition of NaCl results in pure FAU even after 120 h of 

synthesis. Interestingly, the addition of NaNO3 resulted in almost pure sodalite. The 

formation of sodalite at higher Na2O/SiO2 ratio is similar to the addition of NaOH, apart 

from being triggered earlier herein. However, other anions were also found to play an 

important role on the outcome of the syntheses. As a matter of fact, addition of NaF or 

Na2SO4 resulted in a mixture of zeolite P and analcime. As analcime is known to be an 

overrun product of zeolite P [71], the reaction kinetics seems to have been increased by 

these salts. This can be understood by the fact that fluorine ions F- are known to act as 

mineralizer as OH-. Our results suggest that it might also be the case of sulfate ions. To 
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investigate the effect of Cl- ions, both KCl and NH4Cl were evaluated resulting in the 

formation of almost exclusively zeolite P, which can be related to potassium ions [23].

Surprisingly, zeolite crystallization was completely inhibited by addition of NH4Cl. 

Addition of NH4OH resulted in the formation of montmorillonite-type clay. Therefore, 

our results suggest that chlorine ions inhibit crystallization of zeolite P and analcime 

and that the beneficial effect of NaCl addition on the synthesis of FAU zeolite is due to 

a synergic effect of Na+ and Cl- ions.

Figure 3.18 XRD diffractograms of S1.0-40X-120h, where X = NaCl, NaNO3, NaF, Na2SO4,

KCl, NH4Cl or NH4OH.

Finally, in order to determine the necessary quantity of NaCl, the amount of added 

NaCl was reduced to x = 1. Figure 3.19 shows the XRD results of samples S1.2-0NaCl-

12h and S1.2-1NaCl-12h. Obviously, this lower amount of NaCl was still successful in 

inhibiting the formation of zeolite P until at least 12 h of synthesis.
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Figure 3.19 XRD diffractograms of S1.2-0NaCl-12h and S1.2-1NaCl-12h.

3.2. Structured zeolite NaX adsorbent for CO2 adsorption (Paper V)

3.2.1. Physical characterization of the structured adsorbent

Based on results from an earlier work [46], films with a thickness of about 10 μm on 

nonporous monoliths would be close to an ideal adsorbent with low pressure drop, good 

adsorption capacity and low dispersion. Therefore, in the present work, NaX zeolite 

films were grown on the walls of steel supports, having 1600 cells per square inch, 

using a seeding technique and using clear synthesis solutions in a multiple step 

synthesis procedure.

Figure 3.20 shows representative SEM images of the structured adsorbents prepared 

in the present work. The images of the cross sections illustrate that walls of the steel 

monolith were smooth and nonporous, as opposed to the cordierite monoliths used in 

earlier work [46]. The plan view images show that the crystals in the film have typical 

FAU morphology. There are no other crystals with morphologies representative of other 

phases. Furthermore, the zeolite film was continuous, even, and appeared to be 

comprised of well-intergrown crystals. As illustrated in Figure 3.20, the film thickness 

was about 3 μm for the sample grown in 21 steps and 11 μm for the sample grown in 70 

steps, see Table 3.11. Consequently, the film thickness is almost linearly proportional to 
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the number of growth steps, as expected, and increased with about 0.15 μm per step. For 

the sake of simplicity, the samples are hereafter referred to as the 3 μm and 11 μm 

films, respectively. 

Table 3.11 Film thickness, Si/Al and Na/Al ratios determined by EDS and zeolite mass of the 

adsorbents.

Number of 

growth steps

Film thickness 

(μm)

Molar Si/Al 

ratio

Molar Na/Al 

ratio

Zeolite mass 

(g)

21 3 1.09 0.97 5.6

70 11 1.10 0.98 19.8

The results of the EDS analysis of the 3 and 11 μm films are given in Table 3.11.

The Si/Al and Na/Al ratios are in the range 1.09-1.10 and 0.97-0.98, respectively. This 

shows that the FAU crystals in the films are the sodium form of zeolite X. The weights 

of the zeolite films, determined from the difference in weight before and after film 

growth on the two monoliths used for breakthrough experiments were 5.6 g and 19.8 g 

for the 3 μm and 11 μm films, respectively. The weight of the films is linearly 

proportional to the film thickness as expected. 
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Figure 3.20 SEM images of the structured adsorbent, 3 μm (A-C-E) and 11 μm films (B-D-F).

Figure 3.21 shows XRD data recorded for a sample cut from the structured adsorbent 

with the 3 μm film after removal of the background signal. The vertical bars represent 

the ICDD reference pattern 01-070-2168 for randomly oriented zeolite NaX crystals. No 

other reflections apart from those typical zeolite NaX and stainless steel were observed 

for the sample. In addition, the intensities of the measured reflections agree well with 

those of the database pattern for randomly oriented crystals. This shows that the film is 

comprised of randomly oriented zeolite NaX crystals in concert with SEM and EDS 

observations.
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Figure 3.21 XRD pattern of steel monolith coated with a 3 μm zeolite film. The vertical bars 

represent the ICDD reference pattern 01-070-2168 for randomly oriented zeolite NaX crystals. 

Reflections originating from steel are indicated with arrows.

3.2.2. CO2 breakthrough experiments

Figure 3.22 shows breakthrough data recorded for a steel tube (illustrated in Figure 

2.3A) connected to the breakthrough apparatus for a flow rate of 1.00 dm3/min. The 

volume of the steel tube is as small as about 4 ml, corresponding to a delay of only 0.2 s 

at this flow rate. Consequently, this experiment measures the response time and 

dispersion created by the breakthrough apparatus and the CO2 analyser. Breakthrough of 

CO2 (i.e. C/C0 > 0.05) is detected after less than 1 s, which illustrates that the response 

time of the system is very low.  A concentration of about 10% CO2, i.e. C/C0 1 is 

reached after about 10 seconds and this time corresponds to the dispersion created by 

the system. 

The breakthrough data recorded for the column with some glass beads (illustrated in 

Figure 2.3B) connected to the breakthrough apparatus for a flow rate of 1.00 dm3/min is 

also shown in Figure 3.22.  Due to the much larger void volume of the column with 

glass beads (251 ml) as compared to the steel tube (4 ml), the breakthrough front is now 

shifted about 17 seconds in time. This shift matches very well with the expected delay 

of 15 seconds due to filling of the larger volume. However, the dispersion of the 

breakthrough front for the column is quite similar to that for the tube, and consequently, 
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the observed dispersion is only an effect of dispersion in the breakthrough apparatus and 

not in the column itself. 

Figure 3.22 also shows the breakthrough curve recorded when the column was 

loaded with two steel monoliths (as illustrated in Figure 2.3C) for a flow rate of 1.00 

dm3/min. In this case, the breakthrough front is shifted 4 s earlier in time, which 

precisely matches the expected shift due to the reduced dead volume of the system (4.5 

s). Again, the dispersion of the breakthrough front is about 10 s, as a result of dispersion 

in the breakthrough apparatus. The time t to reach C/C0=0.5 for the uncoated monoliths 

is 13 seconds at this flow rate (average for 5 runs), see Table 3.12.

Figure 3.22 Experimental breakthrough profiles (points) for a flow rate of 1.00 dm3/min 

recorded for tube (ID 1.5 mm), column (ID 3.2 cm) with glass beads and column with steel 

monoliths, graphite tape and glass beads as illustrated in Figure 2.3 A-C, respectively. Each 

breakthrough experiment is carried out 5 times and lines indicate the fitted model.

Breakthrough data for the steel monoliths coated with a 3 μm zeolite film are 

illustrated in Figure 3.23. Sharp and overlapping breakthrough profiles were obtained 

after regeneration of the adsorbent at 393 K. The breakthrough front is still quite sharp, 

but is broadened slightly as compared to the front recorded for the column with steel 
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monoliths without zeolite due to mass and heat transfer effects in the zeolite film. This 

will be discussed below. The times t to reach C/C0 = 0.5 and the CO2 adsorption 

capacity q estimated using equation 1 for the steel monoliths coated with a 3 μm zeolite 

film are given in Table 3.12. The average adsorption capacity q is 2.7 mol CO2/kg 

zeolite for the 3.0 μm zeolite film. The standard deviation is as small as 0.1 mol CO2/kg 

zeolite, which illustrates good precision for the breakthrough experiments.  

Figure 3.23 Experimental CO2 breakthrough profiles (points) for steel monolith coated with a 3 

μm zeolite film for flow rates of 1.00, 0.50 and 0.25 dm3/min. Each breakthrough experiment 

was performed 5 times and the adsorbent was regenerated at 393 K between the adsorption 

cycles. 

Breakthrough data for the steel monoliths coated with an 11 μm zeolite film are 

illustrated in Figure 3.24. Again, sharp and overlapping breakthrough profiles were 

obtained, but in this case, breakthrough of carbon dioxide occurs much later due to 

much higher adsorption capacity of the much thicker zeolite film. The time t to reach 

C/C0 = 0.5 and the CO2 adsorption capacity q estimated using equation 1 for the steel 

monoliths coated with a 11 μm zeolite film is given in Table 3.12. The average 

adsorption capacity q is 2.8 mol CO2/kg zeolite, i.e. very similar to that observed for the 
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monoliths coated with a 3 μm zeolite film (Table 3.12). However, in this case the 

standard deviation is slightly larger, i.e. 0.3 mol CO2/kg zeolite.

Figure 3.24 Experimental CO2 breakthrough profiles (points) for steel monolith coated with a 

11 μm zeolite film for flow rates of 1.00, 0.50 and 0.25 dm3/min. Each breakthrough experiment 

was performed 5 times and the adsorbent was regenerated at 393 K between the adsorption 

cycles. 

Table 3.12 Breakthrough data for the time to reach C/Co=0.5 and CO2 adsorption capacity of 

the 3 and 11 μm films.

Structured 

Adsorbent

Flow rate

(dm3/min)

0.25 0.50 1.00

time t to reach C/C0 = 0.5

Uncoated monolith 52.7 25.2 13.0

3 μm zeolite film 876 445 238

11 μm zeolite film 3659 1639 723

CO2 adsorption capacity q (mol CO2/kg zeolite)

3 μm zeolite film 2.6 2.7 2.9

11 μm zeolite film 3.1 2.8 2.5
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The average adsorption capacity for the 3 and the 11 μm monoliths estimated using 

equation 4 is 2.8 mol CO2/kg zeolite with a standard deviation of 0.2 mol CO2/kg 

zeolite. This adsorption capacity is in-between the values of 2.5 and 3.6 reported by 

Rodrigues et al. [72] and Myers et al. [73], respectively. Furthermore, the adsorption 

capacity 2.8 mol CO2/kg zeolite corresponds to 0.3 mmol CO2/cm3 adsorbent for the 11 

μm monolith. This can be compared to the adsorption capacity for zeolite NaX beads, 

which is about 2.3 mmol CO2/cm3 adsorbent [46], i.e. about 8 times larger. 

Consequently, an 8 times larger column with an 11 μm film coated monolith will have 

the same adsorption capacity as a column filled with beads. Alternatively, an 8 times 

shorter cycle time may be used to separate the same amount of CO2 per time. 

In Figure 3.25, the breakthrough profile of the 11 μm film is compared with that of 

traditional NaX pellets filled in the same column. The column is now holding as much 

as 177 g pellets with approximately 10% binder material. The column is consequently 

loaded with about 159 g zeolite, i.e. 8 times larger mass of zeolite in line with the 

discussion above, It is clear that for the 11 μm film, the profile was very sharp

compared to that for the pellets, that display a very dispersed breakthrough front. The 

times t to reach C/C0 = 0.5 for the 11 μm film and the NaX pellets were 723 and 3256 s, 

respectively. Although the column holds an 8 times larger mass of NaX adsorbent, the 

time to reach C/C0 = 0.5 is only 4.5 times longer. This is a result of the non-ideal 

adsorption performance of the pellets resulting in a very much dispersed breakthrough 

front. The column with pellets has not reached saturation even after 6000 s. 
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Figure 3.25 Experimental CO2 breakthrough profiles for steel monolith coated with an 11 μm 

zeolite film (blue) and NaX pellets (red) for a flow rate of 1.00 dm3/min. The column is the 

same but it holds an 8 times larger mass of zeolite when it is loaded with pellets.

The very sharp breakthrough fronts observed here confirms that nonporous steel 

monoliths are more suitable than porous cordierite monoliths to be used as a support for 

the zeolite films as suggested in earlier work [44]. The work also clearly shows that

zeolite coated steel monoliths are promising alternatives to traditional adsorbents such 

as beads in processes with short cycle times.

Finally, the collected information regarding the synthesis protocols developed for 

FAU synthesis from diatomite (or montmorillonite) could be applied in the preparation 

of NaX films on structured adsorbents, also by using a natural alumina source, e.g.

bohemite, bauxite.

11 μm
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_____________________________________________________________________________ 

CHAPTER 4            CONCLUSIONS
_____________________________________________________________________________  

In this work, it was shown that Bolivian raw materials could be used as aluminosilica 

sources for the synthesis of zeolite A and zeolite Y with high yield and crystallinity. The 

main findings regarding each zeolite can be summarized as follows: 

Zeolite A

Zeolite A crystals with satisfactory size, morphology and cation exchange 

capacity were synthesized from Bolivian montmorillonite clay and commercial 

kaolinite.

Addition of magnesium to the synthesis mixture was shown to mask the 

detrimental effect of Fe impurities on the whiteness and yellowness of the 

powder. This simple method might contribute to allow the use of natural raw 

materials to synthesize detergent-grade zeolite A. 

Purification of diatomite

As a purification step of diatomite, leaching with sulfuric or hydrochloric acid 

was shown to reduce the content of the main impurities comparatively to the 

same level, except for calcium.

Diatomite leached by HCl was successfully used for the synthesis of ZSM-5

without the addition of extra source of neither silica nor alumina.

Synthesis of FAU zeolites

Zeolite Y powders with different SiO2/Al2O3 ratios were successfully 

synthesized from Bolivian diatomite, which was shown to behave closely as 

colloidal silica in traditional syntheses, both sources having in common a high 

degree of polymerization.

It was possible to synthesize almost pure zeolite Y with a SiO2/Al2O3 ratio of 5.3 

suitable for FCC application. However, the yield was low, as the diatomite 

frustules were too bulky to be completely dissolved under the required low 

alkalinity.  
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Overrun of all investigated compositions resulted in the formation of zeolite P 

nucleating and growing onto dissolving zeolite Y crystals.

Addition of NaCl to the synthesis mixture of FAU-zeolites was found to 

completely inhibit the formation of zeolite P. This new finding may be used in 

order to speed up the synthesis process by increasing temperature of 

crystallization.

Additionally, zeolite NaX films were grown on nonporous steel monoliths as 

structured adsorbent and CO2 separation was evaluated by breakthrough experiments:

Steel monoliths coated with a zeolite film thickness of 11 μm were prepared for 

the first time. The films exhibited well intergrown zeolite NaX crystals free of 

sediments and undesirable secondary phases, e.g. hydroxysodalite.

The CO2 breakthrough fronts were very sharp and the mass transfer resistance 

was very low compensating the low zeolite loading, which should lead to

reduced cycle time and higher cycle frequency and thereby increase throughput. 

This makes zeolite NaX coated steel monoliths a promising alternative to 

traditional adsorbents for CO2 removal, which might constitute a future 

application for the use of Bolivian non-metallic raw materials. 
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_____________________________________________________________________________ 

CHAPTER 5            FUTURE WORK
_____________________________________________________________________________  

This work has shown the feasibility of preparing valuable zeolites from non-costly 

Bolivian raw materials. However, there are still many challenges remaining to achieve 

the original goals of this project. Therefore, it would be necessary to:

Tailor the synthesis procedure of zeolite A in order to achieve a SiO2/Al2O3

ratio closer to 1.

Test the catalytic and adsorption properties of the zeolites synthesized by the 

different procedures in order to assess their performances in the targeted 

applications.

Investigate the technical-economical possibility of producing these zeolites on 

an industrial scale in order to contribute to the development of the poor regions 

in Bolivia.

The present work has also shown the promising characteristics of NaX structured 

adsorbents. Therefore, the following future work is recommended:

A modeling study of the process is required for a better understanding of the

parameters associated to the adsorption process (i.e. thermal effects).

To develop an automated synthesis reactor in order to grow thicker films (i.e. 

30 μm) and thereby approach the performance of the traditional beads in terms 

of adsorption capacity.

Determining experimentally the maximum zeolite film thickness, at which the 

diffusion resistance starts to reduce the adsorption performance of a steel 

monolith.

To test the feasibility of preparing NaX structured adsorbents from the 

Bolivian raw materials studied in this thesis work.
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a b s t r a c t

Discoloration of zeolite A powder is a common problem when natural raw materials such as kaolin clay
are used because of the formation of colored iron compounds. In this study, we report on a novel method
to produce zeolite A with excellent optical properties, from clays. The brightness is as high as 94.5 and the
yellowness is as low as 3.0. The product is comprised of intergrown zeolite A crystals with cubic habit and
a length ranging between 0.5 and 2 lm. Good optical properties are obtained when the raw material
contains magnesium, as some natural raw materials do, or alternatively, when a magnesium compound
is added to the raw material. Magnesium probably forces iron inside colorless extraneous magnesium
aluminosilicate compounds. This simple process appears very promising for the preparation of zeolite
A with good optical properties from inexpensive natural raw materials.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zeolite A, LTA (Linde Type A) or 4A is a synthetic sodium alumi-
nosilicate. It is a low silica zeolite represented by the formula:
Na12[(AlO2)12(SiO2)12]�27H2O. The crystal structure is cubic with
a lattice parameter of 12.32 Å. Zeolite A is characterized by a 3-
dimensional network consisting of spherical cavities of 11.4 Å in
diameter separated by circular openings of 4.2 Å in diameter [1].
It has a high cation exchange capacity as each alumina tetrahedral
in the framework introduces a negative charge that must be com-
pensated by a cation. This property confers to zeolite A water soft-
ening abilities by ion exchanging Ca2+ and to a lesser extent Mg2+

for Na+, thereby preventing precipitation of calcium compounds.
Therefore, the most important application of zeolite A is as a deter-
gent builder [2,3].

For zeolite to be used as a detergent grade builder, there are
various requirements set on the size of the particles, crystal shape,
cation exchange capacity (CEC) and brightness. The optimal range
for particle size is 1–10 lm [4]. Crystal sizes smaller than 1 lm
may be retained in damaged textile fibers, while particles over
10 lm in size cause unacceptable deposition in textile materials,

fabric and machine parts [5]. Incrustation of textiles can be
reduced by achieving appropriate morphology of the crystals.
Zeolite A crystals with sharp edges can be entangled in textile
fibers. In contrast, zeolite A with rounded corners and edges tend
to decrease incrustation on textile materials. Besides, the CEC of
detergent builders must be as high as possible with 510 meqCa2+/
100 g of anhydrous solid being a recommended minimum [6] and
592 meqCa2+/100 g the highest achievable value at 294.1 K and
1000 ppm [7]. Another important property of a detergent builder
is the optical brightness which has to be at least 90% of the ISO
reflectance measured on BaSO4 or MgO.

Pure chemical grade reagents are mostly used to produce mate-
rials which fulfill all the aforementioned requirements. Concerns
about energy consumption, carbon economy and production costs
have called the attention of researchers to seek cheaper raw mate-
rials for zeolite synthesis [8,9]. Many studies have been published
on the synthesis of zeolite A from raw materials such as kaolin,
diatomite, bentonite, fly ash, or smectite [10–14]. Kaolin is of par-
ticular interest because it possesses the appropriate SiO2/Al2O3

ratio that matches the composition of zeolite A [15]. Kaolin has
been widely investigated for the synthesis of zeolites and the effect
of different factors affecting the synthesis process was extensively
reported [16,17]. However, kaolin must be activated in the form
of metakaolin by calcination at high temperature in the range
773–1273 K in order to produce an amorphous material that can
be easily digested during zeolite synthesis [18,19].

http://dx.doi.org/10.1016/j.jallcom.2014.09.080
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The properties of zeolite A produced from metakaolin in terms
of CEC, particle size and morphology were found to be adequate for
use as detergent builder. However, problems associated with
brightness and yellowness and related to the iron content are usu-
ally encountered when using kaolin for zeolite production [20,21].
Various techniques for removal of iron have been investigated [22]
such as selective flocculation [23,24], magnetic separation [25,26],
acid leaching [27,28], optimum temperature for metakaolinization
[18] and chemical removal treatments [29]. As an example, Chan-
drasekhar [22] managed to reduce the amount of Fe2O3 in the final
zeolite product from 0.59% to 0.04% starting with a Chinese kaolin
containing 0.69% Fe2O3 by a combination of treatments, i.e. clay
refining, control of alkali concentration, complexing and washing
with alkaline water. Dramatic improvement of the optical proper-
ties of the final zeolite A product were observed, the brightness
increased from 72.9% to 81.7% and yellowness reduced from
11.5% to 7.8%. However, these separation procedures represent
additional costs to the general process.

Use of other types of clays than kaolin as raw materials for the
synthesis of zeolite A might result in brightness improvement.
However, natural clays based on 2:1 phyllosilicate clays usually
contain quartz and do not produce a reactive product such as
metakaolin upon calcination. The energy used for the metakaolini-
zation heat treatment can be used with advantage to fuse raw
materials containing quartz under the action of the sodium
required for zeolite synthesis. It is known that through alkali acti-
vation, large amounts of aluminosilicates can be transformed into
more soluble species [30,31].

In this study, we report on a novel method to improve bright-
ness in zeolite A prepared by alkali fusion from natural clays,
namely Bolivian montmorillonite and commercial kaolinite clays.

2. Experimental section

2.1. Materials

Montmorillonite-type clay sampled from the Rio Mulatos zone (Potosi, Bolivia)
and commercial kaolin (Riedel de Haën, pro analysis) were used as aluminosilicate
sources. Sodium hydroxide was employed in the form of pellets (NaOH, Sigma
Aldrich, p.a., P98%). Anhydrous sodium aluminate in powder form (NaAlO2,

Riedel-de Haën, p.a., Al2O3 50–56%, Na2O 40–45%) was used to adjust the SiO2/
Al2O3 ratio to that of typical synthesis mixtures for zeolite A. Calcium nitrate
(Ca(NO3)2 ⁄ 4H2O, Merck) and magnesium nitrate (Mg(NO3)2 ⁄ 6H2O, Merck) were
utilized to investigate the influence of Ca and Mg on the color properties of
alkali-activated kaolin, while ion exchange was carried out with sodium nitrate
(NaNO3, Merck). Commercial zeolite A powder (Akzo Nobel) was used as a refer-
ence. Barium sulfate (BaSO4, Sigma Aldrich, p.a. 99%) was used as a standard for
brightness and yellowness measurements.

2.2. Synthesis procedure

The initial SiO2/Al2O3 molar ratio of the Rio Mulatos clay (RMA) was 4.9 (see
Table 1). Hence an additional amount of sodium aluminate was required to
decrease this ratio to the proper value. NaAlO2 and NaOH provided the aluminum
and sodium to set both the SiO2/Al2O3 and Na2O/SiO2 ratios to 2. RMA clay was
added to sodium aluminate and sodium hydroxide in calculated proportions and
the mixture was carefully crushed in an agate mortar until a homogeneous powder
was obtained. The crushed powder was placed in a platinum crucible and heated at
873 K for 1 h using a heating rate of 10 K/min. The resultant mixture was crushed
again, dispersed in distilled water and stirred for 6 h in an aging step. In the case
of kaolin (KFA), the same procedure was used without the addition of sodium
aluminate. The molar ratio of the components in the mixtures was SiO2/Al2O3 = X,
Na2O/SiO2 = 2 and H2O/Na2O = 40 with X varying between 2.0 and 1.15. After the
aging period, the reaction mixture was transferred to Teflon-lined autoclaves and
heated at 373 K for different times in order to perform optimization of the hydro-
thermal treatment. Subsequently, the autoclave was quenched in cold water to stop
the reaction. The solid products were repeatedly washed and filtered in distilled
water until pH in the filtrate liquid reached 8–9. The products were dried at
373 K overnight. The prepared samples were denoted according to the type of clay
that was used, namely RMA or KFA, followed with the molar SiO2/Al2O3 ratio within
brackets and synthesis time, e.g. RMA(2.0)-3 h corresponded to a sample obtained
from a mixture with a molar SiO2/Al2O3 ratio of 2.0 using Rio Mulatos clay after
3 h of synthesis.

2.3. Apparatus

To determine the chemical composition of the clays, fused clays and synthetic
zeolite products, inductively coupled plasma-sector field mass spectrometry
(ICP-SFMS) was used. For the analysis, 0.1 g sample was digested with 0.375 g of
LiBO2 and dissolved in HNO3; LOI (loss on ignition) was performed at 1273 K. The
mineralogical composition of the raw materials and products were determined by
X-ray diffraction (XRD) using a PANalytical Empyrean X-ray diffractometer, Cu
Ka1 radiation with k = 1.540598 Å at 45 kV and 40 mA in the range of 2h = 5–50�
at a scanning speed of 0.026�/s. The peaks observed in the diffractograms were
compared with the existing pattern of known materials from the powder diffraction
files (PDF). The morphology of the raw materials, intermediate products and final
products were studied by extreme high resolution-scanning electron microscopy

Table 1
Main components of the raw materials.

Material Main components (wt.%) Molar ratio

SiO2 Al2O3 Fe2O3 Na2O CaO K2O MgO LOI SiO2/Al2O3

RMA 63.75 21.95 0.82 0.71 3.19 0.46 4.64 7.20 4.90
KFA 54.43 42.87 0.79 0.13 0.07 1.41 0.30 12.20 2.20

Fig. 1. XRD diffractograms of (A) RMA and fused RMA and (B) KFA and fused KFA samples.
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(XHR-SEM Magellan 400, the FEI Company) at low accelerating voltage without
conductive coating. Energy dispersive spectroscopy (EDS, X-max detector
50 mm2, Oxford Instruments) was also performed to establish the overall composi-
tion of the final products and to gain compositional information about individual
zeolite A crystals and extraneous phases. EDS analysis was carried out at 10 kV
on a SEM equipped with a microinjector (Merlin SEM, Carl Zeiss) in order to
mitigate charging by blowing nitrogen gas close to the surface of samples. The
concentration of Na, Mg, Al and Si was measured at low magnification (100 times)
to avoid diffusion of Na, while the concentration of Ca was measured locally in 10
individual crystals. Brightness and yellowness were measured on a spectrometer
using an integrating sphere (Perkin Elmer Lambda 2SUV/VIS). The results were
expressed in percentage of the reflectance obtained for the Ba2SO4 powder [32].
Brightness was measured at 457 nm, while the difference between the reflectance
measured at 570 and 457 nm yielded a measure for yellowness.

The number of equivalents-gram was calculated for Ca2+ in each case. The total
exchange equivalents for Ca2+ was assessed by subtracting the amount of equiva-
lents of Ca2+ present for the initial to the final number of equivalents of Ca2+ after
the exchanged process.

3. Results

3.1. Synthesis of zeolite A by alkali fusion

The diffractogram of the raw RMA clay (Fig. 1A) shows the char-
acteristic peaks of montmorillonite at 2h = 5.9, 19.8 and 35� as
compared with PDF patterns, but also the occurrence of quartz in
low content. Raw kaolin (KFA in Fig. 1B) contains mostly kaolinite
as evidenced by reflections at 2h = 12.33; 19.80; 20.40; 21.40;
24.81 and 35.11, but also traces of quartz and muscovite
(2h = 8.83; 35.06). The elemental compositions of the RMA and
KFA clays obtained by ICP-SFMS are given in Table 1. Apart from
silica and alumina, calcium and magnesium were present in appre-
ciable amounts in the Bolivian montmorillonite in comparison to
kaolin. However, both clays contained similar amounts of iron,
i.e. 0.79–0.82 wt.% Fe2O3.

During alkali fusion at 873 Kmontmorillonite and quartz, aswell
as kaolin, suffered a structural reorganization. Fused RMA and fused
KFA resulted in formation of various sodium aluminosilicates, i.e.
Na4SiO4, Na2SiO3, Na2(Si3O7), NaAlSiO4, Na1.95Al1.95Si0.05O4 by the
XRD data shown in Fig. 1A and B. All compounds formed after alkali
fusion of the starting clays could be readily dissolved in water and
serve as reactants for zeolite synthesis in combination with sodium
aluminate and sodium hydroxide.

Fig. 2 shows the XRD diffractograms of the final products after
hydrothermal treatment at 373 K after different synthesis times.
When a molar SiO2/Al2O3 ratio of two was used, 3 and 4 h of
hydrothermal treatment was required to obtain zeolite A as a
unique product with high crystallinity for the RMA and KFA clays,
respectively (RMA(2.0)-3 h and KFA(2.0)-4 h in Fig. 2A and C
respectively). Samples obtained at longer times did not exhibit
appreciable changes either in intensity or morphology
(RMA(2.0)-4 h and RMA(1.8)-4 h in Fig. 2A and B, respectively).
Samples obtained after shorter synthesis times still contained
appreciable amounts of amorphous material, which can be attrib-
uted to geopolymers [33] (RMA(2.0)-2 h in Fig. 2A; KFA(2.0)-3 h
and KFA(2.0)-2 h in Fig. 2C). In sample KFA(2.0)-3 h, a small
amount of zeolite X was found. However, it was barely noticeable
at longer times (KFA(2.0)-4 h). Table 2 shows the overall SiO2/
Al2O3 ratios of the final products determined by EDS. RMA(2.0)-
3 h was found to contain an excess of silica with a SiO2/Al2O3 ratio
of 2.36 compared to the ideal ratio of 2.0 in terms of cation
exchange capacity. Therefore, the molar SiO2/Al2O3 ratio in the
RMA synthesis mixture was varied in the range 1.15–2.0. Decreas-
ing this ratio from 2 to 1.8 resulted in a slight decrease of the SiO2/
Al2O3 ratio in the product to 2.22, see RMA(1.8)-3 h in Table 2 and
also Fig. 2B. However, it was not possible to lower the ratio in the
product further by increasing the amount of aluminum in the syn-
thesis mixture. Instead, this resulted in a steady decrease in crystal
size, while the SiO2/Al2O3 ratio in the product was almost constant.

The RMA sample prepared with a molar SiO2/Al2O3 ratio of 1.8
were also mainly amorphous for synthesis times shorter than
3 h, e.g. RMA(1.8)-2 h in Fig. 2B.

3.2. Size and morphology of the particles

Fig. 3 shows SEM micrographs of RMA(1.8)-3 h, KFA(2.0)-4 h
and the commercial powder.

Fig. 2. XRD diffractograms of the (A) RMA(2.0); (B) RMA(1.8) and (C) KFA(2.0)
series.
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As shown in Fig. 3A, RMA(1.8)-3 h consisted of cubic crystals
ranging between 0.5 and 1.5 lm in length. Part of the crystals
exhibited intergrowth, which is usually rationalized by a high
concentration of nuclei [34]. Fig. 3B reveals that the largest crystals
possessed chamfered edges, which is suitable for detergent grade
zeolites. The zeolite crystals of the KFA(2.0)-4 sample showed
similar characteristics, except for a slight increase in length to
approximately 1–2 lm (Fig. 3C and D). Comparatively, the crystals
in the commercial powder were found to measure between 1 and
7 lm in length (Fig. 3E) and to be relatively intergrown (Fig. 3F).

Table 2
Compositional ratios in the final products determined by EDS.

Sample Ion exchange SiO2/Al2O3 Na/Al 2Ca/Al 2 Mg/Al (Na + 2Ca)/Al

Commercial – 2.08 0.99 n.d. n.d. 0.99
RMA(2.0)-3 h – 2.36 0.87 0.11 0.18 0.98
RMA(1.8)-3 h – 2.22 0.90 0.12 0.19 1.02
RMA(1.8)-3 h Na 2.28 0.93 0.03 0.18 0.96
KFA(2.0)-4 h – 2.22 0.97 0.01 0.01 0.98
KFA(2.0)Mg-4 h – 2.16 0.99 n.d. 0.16 0.99
KFA(2.0)Mg-4 h Na 2.28 0.98 0.01 0.16 0.99

n.d. (non-detected).

Fig. 3. SEM micrographs of: (A)–(B) RMA(1.8)-3 h; (C)–(D) KFA(2.0)-4 h; (E)–(F) commercial zeolite A.

Table 3
Brightness and yellowness properties.

Sample Brightness Yellowness

Commercial powder 92.6 3.8
RMA(1.8)-3 h 94.5 3.04
KFA(2.0)-4 h 76.4 14.4
KFA(2.0)Ca-4 h 73.7 11.5
KFA(2.0)Mg-4 h 82.1 5.4
KFA(2.0)MgCa-4 h 85.6 5.2
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3.3. Brightness measurements

Table 3 shows the results of the brightness and yellowness
measurements which were performed on RMA(1.8)-3 h, KFA(2.0)-
4 h and the commercial powder. With 94.5% brightness and 3.0%
yellowness, the sample obtained from Rio Mulatos clay after opti-
mal synthesis time (RMA(1.8)-3 h) showed excellent optical prop-
erties. These values were superior to those of the commercial
powder, which exhibited 92.6% brightness and 3.8% yellowness.
In comparison, the sample produced from commercial kaolin was
found to exhibit a slight orange color to the naked eye. This was
confirmed by the poor brightness and relatively high yellowness
values obtained for KFA(2.0)-4 h in Table 3, i.e. 76.4% and 14.4%,
respectively. These values are typical of zeolite A powder synthe-
sized from metakaolin. Therefore, the method to activate kaolin
did not seem to influence the final color of the zeolite A powder.

3.4. Cation exchange capacity

As shown in Table 2, the commercial zeolite A and KFA(2.0)-4 h
samples were completely in sodium form, as evidenced by the
Na/Al ratios whichwere estimated to be 0.99 and 0.97, respectively.
However, the as synthesized samples obtained by alkali fusion of
Rio Mulatos clay were not completely in sodium form but also
contained calcium ions that occupied approximately 11–12% of
the sites. With regard to cation exchange capacity (CEC), 84% of
the exchangeable sites of zeolite A can be compensated by Ca2+

cations at 294 K, which represents 592 meq Ca2+/100 g anhydrous
solid. Considering the final SiO2/Al2O3 and 2Ca/Al ratios measured
on the RMA(2.0)-3 h and RMA(1.8)-3 h samples by EDS, maximum
CEC values of 480–487 meq Ca2+/100 g anhydrous solid could be
anticipated for these samples. As a matter of fact, loss-on-ignition

and ICP-SFMS measurements on the calcium ion exchanged
RMA(2.0)-3 h sample yielded a value of 487 meq Ca2+/100 g anhy-
drous solid. The RMA(1.8)-3 h sample was ion exchanged with
sodium nitrate to verify that the calcium ions were exchangeable.
As shown in Table 2, the 2Ca/Al ratio was reduced from 0.12 to
0.03, which showed that this is the case.

It is noteworthy that all samples investigated in Table 2 showed
(Na + 2Ca)/Al ratios very close to 1.0 in Table 2. This reflects the
validity of the quantitative EDS method developed in this work.
It was indeed found to be more reliable than ICP-SFMS because
of the large error margin of the latter, which brought too much
uncertainty on the elements present in large amounts.

4. Discussion

Usually, the poor brightness and yellowness of zeolite A pow-
ders synthesized from kaolin are attributed to formation of colored
iron precipitates (e.g. iron(III) hydroxide) during the aging step and
the crystallization process [35]. The iron content was found to be
0.44 and 0.54 wt.% by ICP-SFMS in the RMA(1.8)-3 h and
KFA(2.0)-4 h samples, respectively. Although these amounts were
similar and both samples were synthesized by the same method,
the corresponding final zeolite products showed very different
optical properties in terms of brightness and yellowness.

Referring to Table 1, the major compositional difference
between the two raw materials investigated in this work was the
high content in calcium and magnesium in Rio Mulatos clay. These
elements were still present in appreciable amounts in the final
products as shown by the EDS results in Table 2. Therefore, the dif-
ference in optical properties was first attributed to a positive effect
of one of these (or both) elements. In order to test this hypothesis,
amounts of calcium and magnesium similar to those present in

Fig. 4. (A) XRD diffractograms of the final products obtained from KFA after 4 h synthesis with addition of Ca, Mg and Ca–Mg and SEMmicrographs showing: (B) KFA(2.0)Ca-
4 h; (C) KFA(2.0)Mg4 h and (D) KFA(2.0)MgCa-4 h.
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RMA clay were added to the synthesis mixture based on KFA clay
before alkali fusion using nitrates. Three new products were
obtained and denoted KFA(2.0)Ca-4 h, KFA(2.0)Mg-4 h and
KFA(2.0)MgCa-4 h depending on whether only calcium or magne-
sium or both elements were added, respectively. According to the
XRD patterns (Fig. 4A), these new products consisted of zeolite A
with minor contents of sodalite (�5%). Based on the SEM results
in Fig. 4B, C and D, these samples exhibited similar morphologies
and consisted of cubic crystals with rounded edges ranging
between 0.75 and 1.5 lm in length with a few intergrown crystals.
The presence of small amounts of flower shaped crystals was
attributed to sodalite. The results in Table 3 showed that the addi-
tion of solely calcium slightly improved yellowness. Interestingly,
addition of magnesium to kaolin before alkali fusion remarkably
enhanced the optical properties of the final powder, independently
of whether calcium was added or not. The corresponding bright-
ness and yellowness values were higher than those obtained by
Chandrasekhar and colleagues [22] who employed a complex com-
bination of chemical treatments to reduce the amount of Fe2O3 in
the final zeolite product to 0.04 wt.%.

The results in Table 2 indicated that, in contrast to calcium,
magnesium was not ion-exchanged by sodium when exposed to
a solution of sodium nitrate, which was consistent with the fact
that solvated magnesium ions can barely diffuse into zeolite A. In
addition, the fact that all values of the (Na + 2Ca)/Al ratio were
close to 1 strongly suggested that magnesium was not located
inside zeolite A. As a matter of fact, Mg could not be detected by
local EDS inside zeolite A crystals. This is illustrated by the EDS
spectrum of Fig. 5B, which was obtained by point analysis in a zeo-
lite A crystal, i.e. the encircled region in Fig. 5A. Instead, Mg and Fe
were found to be concentrated in the extraneous material consist-
ing of platelets and finely divided matter as revealed in the region
delimited by the rectangle in Fig. 5A and the corresponding EDS
spectrum in Fig. 5C. Consequently, our data strongly suggest that
magnesium exerts a masking effect on iron by incorporating the
latter inside magnesium aluminosilicate compounds with low col-
oration. This simple method appears as a promising alternative to

complex and costly techniques developed in order to reduce the
iron content in natural raw materials.

5. Conclusions

Zeolite A crystals were successfully synthesized from Bolivian
montmorillonite type clay and commercial kaolinite using the
alkali fusion method. The crystals had cubic habit with a length
ranging between 0.5 and 2 lm and intergrown. Although Bolivian
montmorillonite and commercial kaolinite contained similar con-
centration of iron, they radically differed in terms of optical prop-
erties. This was attributed to the magnesium present in the
Bolivian raw material, which probably forced iron inside colorless
extraneous magnesium aluminosilicate compounds. The effect was
verified by addition of magnesium to kaolinite. This simple process
appears very promising to prepare zeolite A with excellent optical
properties from inexpensive natural raw materials.
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Abstract

Inexpensive raw materials have been used to prepare ZSM-5 zeolites with SiO2/Al2O3 molar ratios in the range
20 – 40. Kaolin or Bolivian diatomaceous earth was used as aluminosilicate raw materials and sodium hydroxide
and n-butylamine were used as mineralizing agents and template. Dealumination of the raw materials by acid leaching
made it possible to reach appropriate SiO2/Al2O3 ratios and to reduce the amount of iron and other impurities. After
mixing the components and aging, hydrothermal treatment was carried out and the products were recovered The
results clearly show for the first time that well-crystallized ZSM-5 can be directly prepared from leached metakaolin
or leached diatomaceous earth using sodium hydroxide and n-butylamine as mineralizing agents and template under
appropriate synthesis conditions. A longer induction time prior to crystallization was observed for reaction mixtures
prepared from leached diatomaceous earth, probably due to slower digestion of the fossilized diatom skeletons as
compared with that for microporous leached metakaolin. The use of leached diatomaceous earth allowed higher yield
of ZSM-5 crystals within comparable synthesis times. However, low amounts of Mordenite formed, which was related
to the high calcium content of diatomaceous earth. Another considerable advantage of diatomaceous earth over kaolin
is that diatomaceous earth does not require heat treatment at high temperature for metakaolinization.

Keywords: Kaolin; Diatomaceous earth; n-butylamine; ZSM-5 zeolite

Introduction
The zeolite ZSM-5 (Zeolites Socony Mobil) is an alumino-
silicate with high silica ratio with suitable properties for
catalysis, adsorption and membrane applications (Jacobs
1981, Tavolaro and Drioli 1999, Weitkamp 2000). Re-
searchers (Argauer and Landolt 1972) of Mobil Oil
Corporation obtained the first patent on the synthesis
of ZSM-5 zeolite, in which they described that this
zeolite can be formed with molar ratios of SiO2/Al2O3

varying between 20 and 120. Depending on this ratio, the
acidity and surface properties of ZSM-5 vary and therefore
it is important to carefully control this parameter in the
final product (Armaroli et al. 2006, Shirazi et al. 2008).
Typical syntheses of ZSM-5 require sources of silicon

and aluminium, a mineralizer (e.g. OH− or F−) and an

organic molecule as templating agent. Quaternary am-
monium compounds like tetrapropyl ammonium bromide
(TPA-Br) (Padovan et al. 1984, Shirazi et al. 2008) and tet-
rapropyl ammonium hydroxide (TPA-OH) (Kotasthane
and Shiralkar 1986) are mostly used for the synthesis of
ZSM-5. Unfortunately, these quaternary ammonium com-
pounds are rather expensive. The molecule n-butylamine
was reported (Sang et al. 2004, Zhao 2005, Martins et al.
2006, Feng et al. 2009) as an alternative templating agent
to replace TPA-Br and TPA-OH and is about 100 times
less expensive on a molar basis. In the past two decades,
efforts have also been undertaken to identify inexpensive
Si and Al sources to synthesize ZSM-5(Chareonpanich
et al. 2004, Sanhueza et al. 2004, Mignoni et al. 2007, Aliev
et al. 2011) and it has been shown that kaolin clay and
diatomaceous earth are two suitable and inexpensive
sources of silica and alumina.
Kaolin clay contains kaolinite with a SiO2/Al2O3 molar

ratio close to 2 and therefore it is well suited for the
preparation of low-silica zeolites such as zeolite A (Costa
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et al. 1988, Murat et al. 1992, Chandrasekhar et al. 1997,
Sanhueza et al. 1999). To obtain this zeolite from kaolin,
two steps are necessary: first, a thermal treatment of
kaolin to obtain an amorphous and reactive material
denoted metakaolin. The second step is a hydrothermal
treatment to convert metakaolin to zeolite in an alkaline
aqueous medium. Preparation of zeolites with higher
SiO2/Al2O3 molar ratios such as zeolites X (De Lucas
et al. 1992, Caballero et al. 2007, Colina and Llorens
2007) and Y (Bosch et al. 1983, Atta et al. 2007) from
kaolinite has also been reported. However, the syntheses
of these zeolites require either an increase of the amount
of silica or partial removal of aluminium. The first alterna-
tive implies using an additional source of silica with high
solubility, e.g. sodium silicate. The second alternative, i.e.
dealumination, consists in either leaching kaolin in a
solution of an inorganic acid (HCl, H2SO4, HNO3)
(Ford 1992) or alternatively calcining the kaolin with
an inorganic acid (H2SO4) (Colina et al. 2001, Colina
et al. 2002)
The synthesis of ZSM-5 zeolite from kaolin with

additional sources of silica has been reported in patent
(Reid 1982) and research papers (Khatamian and Irani
2009, Kovo et al. 2009). Dealumination of metakaolinite to
synthesize ZSM-5 has also been investigated (Madhusoodana
et al. 2005); (Zhang et al. 2007); (Madhusoodana et al.
2001). In all these studies, expensive tetrapropylamine was
used as template. The synthesis of ZSM-5 with a high
SiO2/Al2O3 molar ratio from metakaolin and silica sol and
less expensive n-butylamine has been reported (Feng et al.
2009). However, to the best of our knowledge, a combin-
ation of dealumination of metakaolin by acid treatment
together with the use of n-butylamine as a template
has not yet been reported.
Diatomaceous earth is another inexpensive source of

silica, which is a sedimentary rock comprised of fossil-
ized skeletal remains of diatoms. It consists essentially
of amorphous hydrated silica and a small amount of alu-
mina and also impurities such as iron (Sanhueza et al.
2003). It can be used to produce mesoporous material
such as MCM-41 (Sanhueza et al. 2006) and also both
low and high silica zeolites such as A (Ghosh et al.
1994), P (Wajima et al. 2008) or NaP (Wajima et al.
2006), analcime (Chaisena and Rangsriwatananon 2005);
(Rangsriwatananon et al. 2008), cancrinite (Chaisena and
Rangsriwatananon 2005), hydroxisodalite (Chaisena and
Rangsriwatananon 2005), NaY (Chi et al. 2011) and mor-
denite (Sanhueza et al. 2003). In most of these syntheses,
the raw diatomaceous earth was acid treated to remove
iron and other impurities. The conversion of diatomaceous
earth to ZSM-5 was also studied in combination with other
raw materials such as paper sludge ash (Wajima et al. 2008)
or volcanic ash (Aliev et al. 2011). However, there are a
few studies on the synthesis of ZSM-5 by using only

diatomaceous earth as silica source. In these studies,
diethanolamine(Sanhueza et al. 2004) and expensive
tetrapropylammonium bromide (Shan et al. 2004) were
used as templates and these synthesis required quite
long crystallization times from 40 hours to 6 days at a
quite high temperature of 180°C.
In the present work, we show for the first time that

leached metakaolinite or diatomaceous earth in combin-
ation with sodium hydroxide and n-butylamine can be used
as inexpensive raw materials for the synthesis of ZSM-5
without using an additional source of silica. However, both
sources of alumino-silica are shown to behave differently
during the course of synthesis and to lead to slightly dif-
ferent reaction products. In particular, we discuss these
discrepancies in terms of composition, morphology, and
porosity of the raw materials.

Experimental
Raw materials
Kaolin (Riedel de Haen, pro analysi), diatomaceous earth
(Murmuntani zone in the locality of Llica, Potosi, Bolivia),
sodium hydroxide (Sigma Aldrich, reagent grade, ≥98%,
anhydrous pellets), n-butylamine (Sigma Aldrich, 99.5%)
and hydrochloric acid (Merk, pro analysi 37%) were
used as reagents.

Heat treatment
Kaolin was first calcined in a porcelain crucible that was
placed in a furnace and heated at a rate of 8°C/min in air.
When the temperature reached 750°C, this temperature
was maintained for 2 h to obtain metakaolin and the
temperature in the furnace was then reduced to room
temperature. It was not necessary to carry out the heat
treatment for the diatomaceous earth in order to obtain
ZSM-5, and consequently, this material was not heat
treated. On the other hand, if the heat treatment of kaolin
was omitted, no zeolite formed.

Dealumination of raw materials
Metakaolin and diatomaceous earth were acid leached in
a spherical glass container under reflux conditions in a
thermostated oil bath maintained at 115°C. Metakaolin
or diatomaceous earth was stirred in hydrochloric acid
(3 M) for 150 minutes. The metakaolin or diatomaceous
earth to acid weight ratio was 1:17. Subsequently, the
suspension was quenched and the acid leached product
was washed with distilled water. Finally, the product
was separated by filtration and the filter cake was
washed with distilled water until the pH reached a
value close to 7.

Hydrothermal synthesis
The synthesis mixtures were prepared by mixing the
aluminosilicate sources with distilled water, n-butylamine

Aguilar-Mamani et al. SpringerPlus 2014, 3:292 Page 2 of 10
http://www.springerplus.com/content/3/1/292



(NBA) and sodium hydroxide. The molar ratios in the
synthesis mixtures were: Na2O/SiO2 = 0.18; SiO2/Al2O3 =
X; SiO2/NBA = 7; H2O/SiO2 = 30, where X = 33 and 44 for
leached metakaolin and leached diatomaceous earth, re-
spectively. The mixtures were aged under stirring for
24 hours at room temperature and were thereafter hydro-
thermally heated in Teflon lined stainless steel autoclaves
kept for different times in an oil bath at 165°C. After
hydrothermal treatment, the solids were recovered by
filtration and washed with distilled water until the pH
reached a value close to 7. The powders were dried at
100°C overnight and finally calcined at 550°C for 6 hours
to remove the template.

Characterization of the products
The chemical compositions of kaolin, diatomaceous earth,
leached aluminosilicates and the final products were
determined using inductively coupled plasma-sector field
mass spectrometry (ICP-SFMS). Samples of 0.1 g were
fused with 0.4 g of LiBO2 and dissolved in HNO3. Crystal-
linity was examined by X-ray diffractometry (XRD) using
a PANalytical Empyrean X-ray Diffractometer equipped
with Cu LFF HR X-ray tube, a graphite monochromator,
and a PIXcel3D detector. The X-ray tube was operated at
30 mA and 40 kV. The investigated 2θ range was from 5
to 50° with a step size of 0.026°. The degree of crystallinity
was calculated by using the area of characteristic peaks of
ZSM-5 between 22 and 25° after background removal fol-
lowing the equation by van Hooff (Vanhooff et al. 1991).
ZSM-5 crystals with an average length of 10 μm syn-

thesized from silicic acid and TPAOH by following the
method reported by Lechert and Kleinwort (Robson and
Lillerud 2001) were used as standard.
The morphology of the ZSM-5 crystals was studied by

scanning electron microscopy (SEM, Magellan 400, FEI
Company) without coating. The chemical composition
of individual crystals was determined by energy disper-
sive spectrometry (EDS, 80 mm2 X-max detector, Oxford
Instruments) at an accelerating voltage of 10 kV. Nitro-
gen adsorption-desorption data were recorded with an
ASAP 2010 equipment from Micrometrics to determine
the BET specific surface area, total pore volume and
micropore volume of the raw materials and reaction
products, as well as the reference crystals. The weight
percentage of solid retentate after aging was determined
by filtration through a 1 μm filter paper and gravimetric
method, while the filtrates were analyzed by ICP-SFMS.

Results
Characterization of the starting materials
X-ray diffractograms of the raw aluminosilicates and
dealuminated counterparts are shown in Figure 1. Kaolin
of course contains mostly kaolinite (evidenced by reflec-
tions at 2θ = 12.33; 19.80; 20.40; 21.40. 24.81 and 35.11)

but also traces of quartz (2θ = 20.85; 26.66) and muscovite
(2θ = 8.83; 35.06). Kaolin after calcination and leaching
was mostly an amorphous material with weak characteris-
tic peaks of muscovite and quartz. On the other hand, raw
diatomaceous earth shows the occurrence of halite NaCl
(2θ = 27.41; 31.76; 45.53), muscovite (2θ = 8.83; 27.83;
35,06 ), albite (2θ = 22.03; 23.70) and quartz (2θ = 20.85;
26.66) in addition to amorphous material. After acid treat-
ment and the subsequent washing, the amorphous material
remained and NaCl was removed, but the other minor con-
stituents were still present (muscovite, albite and quartz).
The chemical compositions of the raw and leached

materials measured by ICP-SFMS are given in Table 1.
Raw kaolin and diatomaceous earth had a SiO2/Al2O3

molar ratio of 2.2 and 15, respectively. This ratio was
successfully increased by acid leaching to 33 and 44 for
kaolin and diatomaceous earth, respectively. Acid leaching
also reduced significantly the concentration of impurities
in both materials. Finally, the leached materials had com-
parable compositions in terms of magnesium, potassium
and iron. However, leached diatomaceous earth was ap-
proximately 4 times richer in sodium and calcium, which
can be understood from the presence of NaCl and calcium
compounds in the raw diatomaceous earth originating
from a region close the salt lake Uyuni.
Figure 2 shows the morphology of the raw materials

and leached materials revealed by SEM. Kaolin is com-
posed of stacks of platelets with hexagonal symmetry
which is typical of natural kaolinites (Figure 2(a)). The
leached metakaolin (Figure 2(b)) has very similar platelet
morphology but the surface area increased from 12 to
288 m2/g as presented in Table 2. This is not surprising
since acid-leached metakolin is known to form micropor-
ous silica (Madhusoodana et al. 2001); (Zhang et al. 2007).
Raw diatomaceous earth (Figure 2(d)) exhibited large
particles with typical shapes of diatomaceous biogenic
sediments. Some diatomaceous earth particles were par-
tially broken in smaller pieces by the mechanical action of
stirring during the acid treatment but their characteristic
shapes could still be distinguished (Figure 2(e)). Leaching
of diatomaceous earth only caused a slight increase in spe-
cific surface area (from 38 to 55 m2/g; Table 2).

Hydrothermal synthesis
Hydrothermal synthesis in terms of composition of the
synthesis mixture and synthesis time was first optimized
to maximize the yield of ZSM-5 using leached metakaolin
as a raw material. The composition used in this work was
found to produce the highest yield of ZSM-5 crystals.
Figure 3 shows the evolution of XRD crystallinity com-
pared with a reference sample composed of 6–10 μm
ZSM-5 crystals. It can be noticed in Figure 3(a) that
samples prepared from leached metakaolin reached
maximum crystallinity for synthesis times between 9
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and 12 hours before decreasing for prolonged hydro-
thermal treatments. The reaction parameters of the
dealumination and hydrothermal treatments obtained
on kaolin were employed for diatomaceous earth. As
shown in Figure 3(b), the best crystallinity for leached dia-
tomaceous earth was obtained for 12 hours of synthesis.

Characterization of the crystalline products
The diffractograms of the final reaction products obtained
from both types of raw materials after 12 h synthesis are
presented in Figure 4. The main characteristic peaks
correspond to the MFI structure (2θ = 7.9; 8.7; 23.0 etc.) in
good agreement with the reference pattern PDF-042-0024.
The intensities of the main peak of quartz are similar in
both samples and of the same order of magnitude as in
the leached materials. Therefore, the quartz content is
similar in both samples and originates from the raw
materials. However, the reaction product obtained from

diatomaceous earth contained traces of mordenite, ap-
proximately 5% of the intensity of the main peak of
ZSM-5. The composition of the final products after
12 h synthesis was determined by ICP-SFMS analysis
and the results were presented in Table 1. The average
SiO2/Al2O3 molar ratio was 23 and 40 for the reaction
products obtained from leached metakaolin and diatom-
aceous earth, respectively. From these data, the reaction
products could be considered as quite pure ZSM-5 with
traces of mordenite formed during synthesis and of quartz
remaining from the raw material.
The morphology of the reaction products was studied

by SEM and typical images were presented in Figure 5.
Synthesis from leached metakaolin resulted in the forma-
tion of flat tablet shaped ZSM-5 crystals with a diameter
of 5–6 μm, but also some smaller particles, as shown in
Figure 5(a). In contrast, the ZSM-5 crystals obtained from
leached diatomaceous earth were rounded with average

Figure 1 XRD diffractograms of the raw materials and acid-leached materials.

Table 1 Compositions (in mole%) of kaolin, diatomaceous earth, leached metakaolin, leached diatomaceous earth and
ZSM-5 products by ICP-SFMS

Composition Kaolin Leached metakaolin ZSM-5 (K) Diatomaceous earth Leached diatomaceous earth ZSM-5 (D)

SiO2 67.7 95.9 94.0 78.8 96.4 96.0

Al2O3 30.1 2.92 4.15 5.22 2.17 2.40

CaO 0.15 0.12 0.10 4.44 0.49 0.63

Fe2O3 0.37 0.16 0.18 0.22 0.06 0.07

K2O 1.13 0.60 0.65 1.29 0.33 0.30

MgO 0.59 0.19 0.22 3.30 0.19 0.23

Na2O 0.16 0.08 0.65 6.78 0.35 0.37

Mol SiO2/Al2O3 2.2 33 23 15 44 40
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Figure 2 Morphology of the raw materials and leached materials. (a) Kaolin (50000x magnification). (b) Leached metakaolin (LMK) (50000x
magnification). (c) Solid part of LMK after aging (50000x magnification). (d) Diatomaceous earth (5000x magnification). (e) Leached diatomaceous
earth (LD) (50000x magnification). (f) Solid part of LD after aging (50000x magnification).

Table 2 Surface area and pore volumes derived from nitrogen adsorption data for the raw, leached materials, final
products and standard sample

Sample BET surface area (m2/g) Total pore volume (cm3/g) Micropore volume (cm3/g)

Kaolin 12 0.058 0.004

Leached metakaolin 288 0.24 0.089

Diatomaceous earth 38 0.093 0.003

Leached diatomaceous earth 55 0.11 0.006

ZSM-5 (K) 255 (82%) 0.17 0.082 (68%)

ZSM-5 (D) 298 (96%) 0.15 0.098 (82%)

ZSM-5 standard 310 0.15 0.12
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diameter around 7–8 μm and aspect ratio close to 1
(Figure 5(b)). This sample also contained smaller parti-
cles and particularly small slabs as those encircled in
Figure 5(b), which were attributed to mordenite.

Discussion
As shown above, the combination of both sodium hydrox-
ide and n-butylamine together with leached metakaolin or

leached diatomaceous earth was efficient to produce
micron-sized ZSM-5 crystals within similar synthesis
times. However, the reaction mechanism seems to differ
depending on which alumino-silica source was used.
Figure 3(a) clearly shows that crystal growth is triggered
after an induction period of 2 h and slowly progresses
until maximum crystallinity is reached after 9 h when
leached metakaolin was used. In contrast, the induction

Figure 3 Crystallinity as a function of time of the reaction products prepared from acid leached materials. (a) Leached metakaolin.
(b) Leached diatomaceous earth.

Figure 4 XRD diffractograms of the products obtained after 12 hours of synthesis from acid leached materials. (a) Leached metakaolin.
(b) Leached diatomaceous earth.

Aguilar-Mamani et al. SpringerPlus 2014, 3:292 Page 6 of 10
http://www.springerplus.com/content/3/1/292



period was extended to 6 h before a sudden burst of
crystal growth occurred between 8 and 9 h, if leached
diatomaceous earth was used as alumino-silica source
(Figure 3(b)). The differences in growth rates are not yet
understood. However, the difference in induction period
between both synthesis mixtures may be related to the
state of the synthesis mixtures after 24 h aging and
before hydrothermal treatment. After filtration through
a 1-μm filter paper, 26 and 80 wt.% of the original solid
material remained from the aged synthesis mixtures
prepared from leached metakaolin and leached diatom-
aceous earth, respectively. The filtrates were found to be
silica-rich sols by ICP-SFMS (SiO2/Al2O3 molar ratio ~
400–800). As shown in Figure 2(c), the solid retentate of
the aged synthesis mixture prepared from leached meta-
kaolin consisted of poorly defined platelets with a SiO2/
Al2O3 molar ratio of 7.5, which probably stem from un-
digested muscovite or other materials that did not become
microporous or possibly sintered upon calcination. On the
other hand in Figure 2(f), particles with typical morph-
ology of fossilized diatom still comprised the main con-
stituent of the diatomaceous earth synthesis mixture after
aging, even though further communition occurred by
mechanical mixing during aging. Therefore, the longer in-
duction time encountered for the leached diatomaceous
earth system can be imparted to the heavily condensed
state still present after aging in comparison to the silica-
rich sol resulting from aging of the leached metakaolin
mixture, the latter being more homogeneous and requir-
ing less transformation for nucleation of zeolite crystals.
Although induction time was longer, the maximum

crystallinity was slightly higher for samples prepared
from diatomaceous earth than from kaolin and amounts
to 93 and 87%, respectively, as shown in Figure 3. By a
normalization of the BET specific surface area and total
micropore volume with respect to the ZSM-5 standard
sample also used for determining crystallinity by XRD,
we show that the crystallinity of the reaction product ob-
tained from kaolin is in good agreement with the values

given in Table 2 with a specific surface area of 82%. The
total micropore volume (68%) value indicates that the final
product prepared from kaolin contains approximately 30%
of non-microporous material in addition to the ZSM-5
crystals. The same values calculated from the BET specific
surface area and total micropore volume for the diatom-
aceous earth-derived product, 96 and 82% respectively,
are higher than that obtained by XRD (93%). This can be
attributed to the presence of mordenite as a by-product in
addition to non-microporous materials.
It was not possible to prevent the formation of morde-

nite by further optimization of the synthesis parameters.
Instead, formation of mordenite occurred randomly,
probably due to the variability of the diatomaceous earth
raw material. Calcium was found to be concentrated in
the mordenite crystals as revealed by the comparison of
the EDS spectra between uncalcined ZSM-5 (Figure 6(a))
and mordenite (Figure 6(b)) crystals. Therefore, the higher
calcium content in leached diatomaceous earth as com-
pared to leached kaolin probably favored the formation of
mordenite. The presence of n-butylamine as templating
agent in the ZSM-5 crystals was also confirmed by EDS,
as shown in Figure 6(a) with the characteristic peak of
nitrogen and carbon, while that of sodium was quite weak.
The BET specific surface area obtained in this work for

the sample prepared from leached diatomaceous earth
(298 m2/g) is comparable with that obtained in the study
by Sang et al. 9 (294 m2/g), who employed water glass and
aluminum sulfate as Si and Al sources, respectively. There-
fore, Bolivian diatomaceous earth appears as a competitive
source of inexpensive raw materials for the synthesis of
ZSM-5 crystals. In addition to the higher crystallinity and
BET specific surface area achieved in this work compared
with kaolin, diatomaceous earth does not require heat
treatment at high temperature for metakaolinization.

Conclusions
The inexpensive raw materials: kaolin, Bolivian diatom-
aceous earth, sodium hydroxide and n-butylamine have

Figure 5 SEM images of ZSM-5 crystals from kaolin and diatomaceous earth. (a) Kaolin (5000x magnification). (b) Diatomaceous earth
(5000x magnification).
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been used to prepare ZSM-5 zeolites with SiO2/Al2O3

molar ratios in the range 20 – 40. Dealumination of the
raw materials by acid leaching made it possible to reach
appropriate SiO2/Al2O3 molar ratios and to reduce the
amount of iron and other impurities in the raw mate-
rials. After mixing and aging for 24 hours, synthesis by
hydrothermal treatment was carried out at165°C either
using leached metakaolin or leached diatomaceous earth
as source of alumino-silica. The results clearly show for

the first time that well-crystallized ZSM-5 can be directly
prepared from both materials in combination with sodium
hydroxide and n-butylamine under appropriate synthesis
conditions. Reaction mixtures prepared from leached
diatomaceous earth showed longer induction period due
to the slower digestion of the fossilized diatom skeletons
compared with microporous leached metakaolin. How-
ever, the use of leached diatomaceous earth allowed higher
yield in ZSM-5 crystals within comparable synthesis times

Figure 6 EDS spectra of the final product obtained from leached diatomaceous earth. (a) ZSM-5 crystal. (b) Mordenite crystal.
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despite the formation of low contents of mordenite,
which was related to the high calcium content of dia-
tomaceous earth. Another considerable advantage of
diatomaceous earth over kaolin is that diatomaceous
earth does not require heat treatment at high temperature
for metakaolinization.
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a b s t r a c t

Bolivian diatomite was successfully used as a silica source for the synthesis of zeolite Y. Prior to synthesis,
the diatomite was leached with sulfuric acid to remove impurities and aluminum sulfate was used as an
aluminum source. The raw materials were reacted hydrothermally at 100 �C in water with sodium hy-
droxide and different Na2O/SiO2 ratios were investigated. The final products were characterized by
scanning electron microscopy, X-ray diffraction, gas adsorption and inductively coupled plasma-atomic
emission spectroscopy. Diatomites originating from different locations and therefore containing
different types and amounts of minerals and clays as impurities were investigated. After optimization of
synthesis time, zeolite Y with low SiO2/Al2O3 ratio (3.0e3.9) was obtained at a high yield for high
alkalinity conditions (Na2O/SiO2 ¼ 0.85e2.0). Lower Na2O/SiO2 ratios resulted in incomplete dissolution
of diatomite and lower yield. Nevertheless, decreasing alkalinity resulted in a steady increase of the SiO2/
Al2O3 ratio in zeolite Y. Consequently, it was possible to synthesize almost pure zeolite Y with a SiO2/
Al2O3 ratio of 5.3 for a Na2O/SiO2 ratio of 0.6, albeit at a low yield. In this respect, diatomite enables the
synthesis of high silica zeolite Y and behaves similarly to colloidal silica in traditional syntheses, with
both sources of silica having in common a high degree of polymerization. Interestingly, the presence of
minerals and clays in the starting diatomite had marginal effects on the outcome of the synthesis.
However, their dissolution resulted in presence of calcium and magnesium in the zeolite Y crystals.
Finally, overrun of all investigated compositions resulted in the formation of zeolite P nucleating and
growing onto dissolving zeolite Y crystals, which was shown to be triggered when aluminum was
completely depleted at high alkalinity.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Zeolites are crystalline aluminosilicate molecular sieves with
unique properties. These compounds are comprised of a three-
dimensional network of silicon and aluminum oxide tetrahedrons
(SiO4 and AlO4

�) linked by shared oxygen atoms and containing
charge-compensating cations. The resulting structures form porous
frameworks with micropores in the range of ~2e10 Å [1], which
confer them molecular sieving properties. Zeolites also possess
very high surface areas due to this microporosity and exhibit var-
iable acidic properties depending on composition. Because of these
special properties, they can be used in a wide range of applications

such as ion exchange, adsorption, catalysis and membrane sepa-
ration [2].

Two zeolites of particular interest are zeolite X and zeolite Y.
These are faujasite type zeolites (FAU), defined by a SiO2/Al2O3 ratio
between 2 and 3 for zeolite X and greater than 3 for zeolite Y [3].
The basic structural units for this type of zeolite are sodalite cages
which form supercages able to accommodate spheres up to 1.2 nm
in diameter. The openings to these large cavities are 12-membered
oxygen rings with a free diameter of 7.4 Å [4]. Zeolite X can be
employed as an adsorbent for CO2 capture [5], but it is mostly used
in the detergent industry to compliment or substitute zeolite A due
to its high capacity for the removal of Mg2þ ions in hard water [6].
Zeolite Y is the most widely employed zeolite catalyst due to its use
in fluid catalytic cracking (FCC) for conversion of heavy petroleum
molecules into gasoline-range hydrocarbons because of its high
size selectivity, high concentration of active acid sites, and thermal
stability [7e9].

* Corresponding author. Chemical Technology, Luleå University of Technology,
971 87 Luleå, Sweden. Tel.: þ46 0920 49 25 02; fax: þ46 0920 49 13 99.

E-mail addresses: gustavo.garcia@ltu.se, gusygarmen@hotmail.com (G. Garcia).

Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

journal homepage: www.elsevier .com/locate/micromeso

http://dx.doi.org/10.1016/j.micromeso.2015.07.015
1387-1811/© 2015 Elsevier Inc. All rights reserved.

Microporous and Mesoporous Materials 219 (2016) 29e37



Traditional methods for synthesizing FAU-type zeolites typically
involve chemical grade reagents as starting materials and crystal-
lization from a gel or clear solution under hydrothermal conditions.
Typical synthesis mixtures are usually composed of sodium sili-
cates, sodium aluminate, aluminum salts or colloidal silica in a
strong alkaline media. Other processes also include seeding to
obtain the desired zeolite [10]. However, synthesis of zeolites from
low cost raw materials has also been investigated, since chemical
grade reagents are expensive. Until now, the use of materials such
as kaolin [11], high silica bauxite [12], halloysite [13], interstratified
illite-smectite [14], montmorillonite [15], bentonite [16], and
incinerated ash [17] has been reported. Of these raw materials,
kaolin has been the most extensively studied, since its composition
in terms of SiO2/Al2O3 ratio corresponds to that of zeolite A.
Consequently, an additional source of silica is required in order to
increase the SiO2/Al2O3 ratio for the synthesis of FAU-type zeolites
from kaolin.

Diatomite, a type of siliceous biologic sedimentary rock, is an
attractive raw material with high silica content. It contains mainly
amorphous silicon oxide derived from biogenic siliceous sediments
(unicellular algae skeletons, frustules) and is available in bulk
quantities at low cost [18]. Being amorphous and silica rich, diat-
omite does not require any additional heat treatment or silica
source for use in the synthesis of FAU-type zeolites, both of which
represent additional costs [19]. However, the occurrence of CaCO3
and Fe as impurities is quite common in diatomite type materials
[20] and adequate treatments must be employed for purification
[21]. Moreover, potassium, which is known to promote the for-
mation of zeolite P [22], is also common in this kind of rawmaterial
meaning that a reduction in potassium content is required.

A number of groups have reported the use of diatomite as raw
material for zeolite synthesis [23e26]. However, to the best of our
knowledge, there are very few reports about the synthesis of FAU-
type zeolites using diatomites as the silicate source. This is probably
due to the difficulty of synthesizing a highly crystalline product
consisting of FAU-type zeolites without contamination from zeolite
P, which is often grown as a main secondary product [27]. Li et al.
reported the use of diatomite to form pure zeolite Y [28]. However,
a technique based on fusion and seeding was used to obtain pure
zeolite Y and prevent the formation of zeolite P. Synthesis of zeolite
Y with suitable properties for use in FCC was also reported Li et al.
using a combination of specially treated kaolin and diatomite with
a special seeding technique but without the involvement of
external Aleor Sie containing chemicals [29].

In the present work, we report on the synthesis of FAU-type
zeolite with different SiO2/Al2O3 ratios from diatomite with high
crystallinity and yield. The effect of varying the Na2O/SiO2 ratio and
synthesis time at constant SiO2/Al2O3 and H2O/Na2O ratios in the
SiO2eAl2O3eNa2OeH2O system is discussed, as well as the influ-
ence of the diatomite purity on the final products. No energy
consuming fusion and no (costly) seeds are needed in the method
presented here.

2. Experimental

2.1. Materials

Diatomite originating from the Murmuntani zone, near Llica in
the Potosi region of Bolivia, was used as aluminosilicate source.
Three different sampling locations were investigated. The corre-
sponding diatomite samples are herein referred to as diatomite 1
(D1), diatomite 2 (D2) and diatomite 3 (D3). Aluminum sulfate
octadecahydrate in powder form (Al2(SO4)3 * 18H2O, Riedel-de
Ha€en, p.a., >99%) was employed to adjust the SiO2/Al2O3 ratio to
that of typical syntheses of zeolite Y. The alkalinity of the synthesis

mixture was regulated with sodium hydroxide (NaOH, Sigma
Aldrich, p.a., �98%). Silicon (Merck, p.a., >99) was used to calibrate
the peak position during XRD experiments. The unit cell dimension
was determined from the data and used to estimate the SiO2/Al2O3
ratio in the crystals. A commercial powder of zeolite Y (Akzo Nobel,
CBV100L-T) was used as reference sample for comparison of the
results obtained by nitrogen gas adsorption and X-ray diffraction.

2.2. Synthesis procedure

The raw diatomites were crushed and treated with 6M H2SO4 at
373 K for 24 h in an autoclave under hydrothermal conditions,
rinsed with distilled water until pH 7 and dried overnight [19].
During filtration, a dark sediment formed at the bottom of the glass
beaker. This layer, which was found to consist of large particles of
plagioclase and quartz by SEM and XRD, was discarded and only the
rest of the materials having a white aspect were utilized in the next
steps of processing. Acid treated diatomite (aD1, aD2 or aD3) as well
as a suitable amount of Al2(SO4)3 to adjust the SiO2/Al2O3 molar
ratio were added to NaOH solutions of different concentrations
whilst stirring. The molar ratios of the synthesis mixtures were:
Na2O/SiO2 ¼ 0.4e2.0; SiO2/Al2O3 ¼ 11; H2O/Na2O ¼ 40. These so-
lutions were aged with stirring at room temperature in glass bea-
kers for 24 h. At the end of the aging period, the reaction mixture
was transferred to Teflon-lined autoclaves. The autoclaves were
placed in an oven kept at 373 K for different periods of time. At the
end of the hydrothermal treatment, the autoclaves were quenched
in cold water. The solid product was separated from the reaction
mixture by suction filtering using filter paper (Munktell, grade
00H). The solid product was repeatedly filtered and dispersed in
distilled water until the pH of the filtrate liquid was less than 9. The
final solid product was dried in an oven at 373 K overnight and
weighed in order to estimate the yield.

2.3. Characterization

To determine the chemical composition of the diatomite, acid
treated diatomite and final products, inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) was performed: 0.1 g
sample was digested with 0.375 g of LiBO2 and dissolved in HNO3.
Loss on ignition (LOI) was determined by heating the sample to
1273 K. The mineralogical composition of the raw materials and
final products were determined by X-ray diffraction (XRD) using a
PANalytical Empyrean X-ray diffractometer, equipped with a Pix-
Cel3D detector and a graphite monochromator. CuKa1 radiation
with l ¼ 1.540598 Å at 45 kV and 40 mA was used and 2q was
varied in the range 5e50� at a scanning speed of 0.026�/s. The
peaks observed in the diffractograms were compared with the
powder diffraction files (PDF) database. The SiO2/Al2O3 ratio of the
FAU zeolites was calculated by determining the lattice parameter
from the (555) reflection of faujasite and using the empirical rela-
tionship proposed by Rüscher et al. [30]. Crystallinity was deter-
mined by calculating the area under the peaks in the
2q ¼ 31.0e32.5� region after background removal and comparing it
to that obtained for a commercial zeolite Y powder. The
morphology of the raw materials, intermediate products and final
products were studied by extreme high resolution-scanning elec-
tron microscopy using an XHR-SEM Magellan 400 instrument
supplied by the FEI Company. The samples were investigated using
a low accelerating voltage and no conductive coating was used.
Energy dispersive spectroscopy (EDS, X-max detector 50 mm2,
Oxford Instruments) was also performed to establish the overall
composition of the final products and to gain compositional in-
formation about individual zeolite Y crystals and extraneous pha-
ses. EDS analysis was carried out at 10 kV on a SEM equipped with a
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microinjector (Merlin SEM, Carl Zeiss) in order to mitigate charging
by blowing nitrogen gas close to the surface of samples, repeating
the same methodology that was previously shown to be successful
to estimate the amount of exchanged ions in zeolite A [31]. The
apparent Si/Al ratios were slightly overestimated and therefore
corrected by plotting the values measured by EDS on commercial
powders of zeolite A, X and Y as a function of the corresponding Si/
Al ratios obtained by XRD. A relationship following a straight line
with a coefficient of determination R2 of 1 was obtained and used
for calibration. Nitrogen adsorption at 77 K was recorded using a
Micromeritics ASAP 2010 instrument. Specific surface area was
determined using the BrunauereEmmetteTeller (BET)method. The
micropore volume and the external surface area of the final prod-
ucts were determined by the t-plot method using the formula:

t ¼ ½13:9900=ð0:0340� logðP=PoÞÞ�0̂:5000
Yield was also determined from the micropore volume of the

samples by comparing their micropore volumes with the value of
the commercial powder of zeolite Y.

3. Results

3.1. Starting materials

The XRD diffractograms of the raw diatomites are shown in
Fig. 1(A). Depending on the sampling location, different amounts of
halite (NaCl, PDF: 01-071-4661), calcite (CaCO3, PDF: 01-078-4614),
quartz (SiO2, PDF: 01-085-0457), muscovite (KAl2 (Si, Al)4O10 (OH)2,
PDF: 00-058-2034), montmorillonite (Ca0.5((Al2Si4O11) (OH)), PDF:
01-076-8291), chlorite (chamosite Fe3Si2O5(OH)4, PDF: 00-010-
0404), plagioclase (Na0.499Ca0.491 (Al1.488Si2.506O8), PDF: 01-079-
1149) and gypsum (Ca(SO4) (H2O)2, PDF: 01-070-0982) were found
to be present in addition to the amorphous background related to
the amorphous silica structure of diatomite. The identified sec-
ondary compounds are typical of diatomites of this type [32]. The
presence of halite was expected, since the raw material originated
from Llica, a region near the Uyuni salt lake. The composition of the
original diatomites and corresponding acid leached diatomites was
obtained by ICP-AES and the results are given in Table 1. The main
elements in the raw diatomites D1, D2 and D3 were silicon and
aluminum with SiO2/Al2O3 ratios ranging between 15.1 and 20.1.
However, Fe, Na, Ca, K, S and Mg were also present as impurities
with variable contents depending on the sampling location. In
accordance with XRD results, the high iron content in D1 (i.e.
1.49 wt% Fe2O3) seems to be related to the high content in the iron-
richmember of the chlorite group, chamosite, while the presence of
other clays (e.g. muscovite, montmorillonite) results in potassium

and magnesium contents which are comparatively similar and
within the same order of magnitude (i.e. close to 2 wt% for K2O and
MgO) in the three diatomites investigated in this work. The high
concentration in calcium in sample D2 (i.e. 4 wt% CaO) is un-
doubtedly due to the presence of calcium carbonate in addition to
the plagioclase corresponding to calcian albite and consisting
approximately of a 50-50 at% solid solution of sodium and calcium.
The latter was also identified in the other diatomites D1 and D3.
However, the diatomite D3 was the purest raw material containing
comparatively less amounts of quartz, plagioclase and muscovite. It
is noteworthy that sulfur was present in the original diatomite and
particularly in sample D3 (i.e. 1.68 wt% SO3). This was found to be
related to the presence of gypsum (calcium sulfate dihydrate)
crystals as identified by XRD.

Comparison between the XRD (Fig. 1) and ICP-AES results
(Table 1) of the original materials and the acid treated counterparts
(aD) shows that sodium chloride and calcium carbonate were
removed by rinsing and dissolution by the acid, respectively. The
acid leaching step was also successful in decreasing the iron and
magnesium contents five to ten fold. Sulfur was almost completely
washed away by the acid treatment in sample aD3, which can be
attributed to the dissolution of the gypsum crystals [33]. The fact
that the SO3 content remained unchanged in aD1 and even
increased almost five fold in aD2 can most probably be related to
insufficient washing to strip the sulfate ions originated from the
sulfuric acid away.

The first filtration step during washing served as a purification
step, as the dark sedimented layer containing large particles of
quartz and plagioclase was discarded. Accordingly, the CaO content
was decreased approximately two fold in all samples. Despite this
improvement, considerable amounts of quartz and plagioclase
remained. As a result, calcium represented the main impurity after
acid leaching of the three diatomites with aD2 containing as much
as 2 wt% CaO, whereas aD1 and aD3 only contained 0.79 and
0.40 wt% CaO (Fig. 1B).

Another direct consequence of the acid treatment was that the
SiO2/Al2O3 ratio was increased to values ranging between 42.9 and
52.8. Therefore, aluminum sulfate, an inexpensive salt, was added
to the synthesis mixture in order to adjust the SiO2/Al2O3 ratio to
suitable levels.

3.2. Synthesis optimization

In order to optimize the synthesis of zeolite Y, different com-
positions were investigated at fixed aging, synthesis temperature
and synthesis time (see Table 2) using aD2 as aluminosilica source.

Fig. 1. XRD diffractograms of the different diatomites before and after acid leaching: (A) D1 (plagioclase-rich), D2 (calcium carbonate-rich) and D3 (calcium sulfate-rich) before acid
treatment; (B) acid treated diatomites aD1, aD2 and aD3.
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As shown in the SiO2e Al2O3eNa2O phase diagram in Fig. 2, the
Na2O/SiO2 ratio in the present workwas varied in the range 0.4e2.0
in order to move along a straight line through the pure zeolite Y
regions reported by Breck and Flanigen [3]. In fact, two different
compositional regions were identified by these authors depending
on whether sodium silicate or colloidal silica was used as silica
source. Using aD2 as starting material in our system, only amor-
phous material was obtained as a product for Na2O/SiO2 ratios <0.6
(aD2-S0.4 and aD2-S0.5 in Table 2 and Fig. 2), while mixtures
consisting of zeolite FAU and P were obtained when the Na2O/SiO2
ratio was varied between 0.6 and 0.9. By further increasing the
Na2O/SiO2 ratio, zeolite P was the only product in samples aD2-S1.0,
aD2-S1.2 and aD2-S2.0. It was possible to reproduce these results

by using aD1. Unexpectedly, the purest diatomite aD3 did not
permit to obtain faujasite for Na2O/SiO2 ratios below 0.7.

As shown in Fig. 3, scanning electron microscopy revealed
evident signs of overrun (i.e. zeolite P) in sample aD2-S0.6 after
48 h of synthesis time. Well-defined tetragonal crystals attributed
to zeolite P appear to grow on dissolving FAU zeolite crystals. Both
zeolites showed comparable SiO2/Al2O3 ratios, namely 4.36 for FAU
and 4.30 for P as determined by XRD and EDS, respectively. This fits
with the fact that the XRD pattern of zeolite P is very close to that
reported by Hansen et al. for high silica tetragonal NaP with a SiO2/
Al2O3 ratio of 6.9 (PDF 40e1464) [34]. Such nucleation and growth
of zeolite P on dissolving faujasite has already been observed by
scanning and transmission electron microscopy [35,36]. It is well-
known that zeolite P is a more stable phase than zeolite FAU and
that the former can nucleate before complete formation of the
latter [37]. Therefore, to maximize the yield of the FAU zeolite and
to limit the formation of zeolite P, synthesis time was reduced

Table 1
Chemical composition of the raw diatomites (D1, D2 and D3) and the corresponding acid treated diatomites (aD1, aD2 and aD3) determined by ICP-AES.

Material Weight (%) Ratio

SiO2 Al2O3 Fe2O3 Na2O CaO K2O MgO SO3 SiO2/Al2O3

D1 77.30 8.01 1.49 7.17 1.84 1.64 1.72 0.35 16.4
aD1 94.07 3.73 0.11 0.31 0.79 0.48 0.16 0.34 42.9
D2 75.83 8.54 0.56 6.74 3.99 1.94 2.12 0.29 15.1
aD2 92.27 3.43 0.09 0.30 1.97 0.42 0.15 1.37 45.7
D3 75.66 6.39 0.77 10.34 0.98 1.73 2.45 1.68 20.1
aD3 95.51 3.08 0.12 0.32 0.40 0.38 0.18 0.01 52.8

Table 2
Composition and synthesis conditions for sample aD2-S0.4 to aD2-S2.0.

Sample Molar composition Ageing Heating Main product (secondary product within brackets)

SiO2/Al2O3 Na2O/SiO2 H2O/Na2O Time (h) Temperature (K) Time (h) Temperature (K)

aD2-S2.0 11.6 2.0 40 24 298 48 373 P
aD2-S1.2 11.1 1.2 40 24 298 48 373 P
aD2-S0.9 11.1 0.9 40 24 298 48 373 FAU, (P)
aD2-S0.8 11.1 0.8 40 24 298 48 373 FAU, (P)
aD2-S0.7 11.1 0.7 40 24 298 48 373 FAU, (P)
aD2-S0.6 11.6 0.6 40 24 298 48 373 FAU, (P)
aD2-S0.5 11.6 0.5 40 24 298 48 373 Amorphous
aD2-S0.4 11.5 0.4 40 24 298 48 373 Amorphous

FAU ¼ zeolite Y, P ¼ zeolite P.

Fig. 2. SiO2 e Al2O3 e Na2O phase diagram showing the distribution of the samples
synthesized at different Na2O/SiO2 ratios (see ref. 3 for more information related to the
two highlighted regions). Fig. 3. SEM of aD2-S0.6 at 48 h.
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below 48 h for Na2O/SiO2 ratios comprised between 0.6 and 2.0
using aD1 as starting material.

As shown in Fig. 4(A), zeolite P was found to be absent by XRD as
synthesis time was reduced to 30 h for a Na2O/SiO2 ratio of 0.6.
However, the XRD results also indicated the presence of appre-
ciable amounts of amorphous material. Hence, it was not possible
to obtain well-crystallized FAU zeolite for this composition. The
same behavior was observed for a Na2O/SiO2 ratio of 0.7 (Fig. 4(B)),
for which 28 hwas the optimal time to avoid the presence of zeolite
P. FAU zeolite, nearly free from zeolite P was obtained when syn-
thesis time was lowered to 15 h for a Na2O/SiO2 ratio of 0.8
(Fig. 4(C)), but the background indicated the presence of a few
amount of amorphous material. Reducing time to 13, 6 and 6h for
Na2O/SiO2 ratios of 0.9, 1.2 and 2.0, respectively, prevented the
formation of zeolite P and resulted in FAU-type zeolite with high
crystallinity as the only product, as shown in Fig. 4(D), (E) and (F),
respectively.

Interestingly, although no faujasite could be synthesized for
Na2O/SiO2 ratios below 0.7 when aD3 was used, a well-crystallized
faujasite product was obtained when this ratio was set to 0.85 and
synthesis time adjusted to 13 h (see XRD results for aD3-S0.85e13h
in Fig. 5).

Fig. 4. XRD diffractograms of the solid products obtained after different synthesis times for Na2O/SiO2 ratios of: (A) 0.6; (B) 0.7; (C) 0.8; (D) 0.9; (E) 1.2; and (F) 2.0.

Fig. 5. XRD diffractogram of the sample aD3-S0.85-13h.
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3.3. Characteristics of the final product

Table 3 gives the SiO2/Al2O3 ratio in the FAU crystals determined
by X-ray diffraction for the different Na2O/SiO2 ratios of the syn-
thesis mixture, as a function of synthesis time and of which raw
material was used. For each Na2O/SiO2 ratio except 0.6, the
observed values are constant within deviations of ±0.2, which was
found to be the precision of the method or caused by the variability
in the final product by reproducing the same synthesis several
times. As shown above, after passing an optimal synthesis time,
zeolite P appeared in all cases and the FAU particles started to
dissolve. Therefore, the nucleation of zeolite P and subsequent
dissolution of FAU-zeolite resulted in a rather constant measured
SiO2/Al2O3 ratio in the dissolving FAU crystals, except for a Na2O/
SiO2 ratio of 0.6 which showed a strong decrease of this parameter
along with dissolution of the FAU crystals. This suggests that the
shell of the FAU crystals is Si-rich and the core Al-rich in aD2-S0.6.
This has already been observed experimentally on large FAU-
crystals by energy dispersive spectroscopy [38] or on Ce3þ

exchanged zeolite Y by X-ray photoelectron spectroscopy [39].
Fig. 6 shows scanning electron micrographs of all samples ob-

tained after optimal synthesis time. All samples contained euhedral
particles consisting of more or less intergrown crystals with octa-
hedral symmetry. Particle size clearly increased as alkalinity was
decreased by lowering the Na2O/SiO2 ratio from 2.0 to 0.7
(Fig. 6(A)e(E)), specifically from 0.5 mm for aD1-S2.0-6h to 2.3 mm
for aD1-S0.7-28h. The degree of intergrowth also clearly diminishes
with lowering the Na2O/SiO2 ratio in the same range. The crystals in
aD1-S2.0-6h are irregular due to strong intergrowth, while
increasingly more well-defined crystals with octahedral symmetry
formed as the Na2O/SiO2 ratio was progressively decreased. How-
ever, particle size was found to decrease and the degree of inter-
growth to increase again for aD1-S0.6-30h (Fig. 6(F)), which
corresponds to the lowest investigated Na2O/SiO2 ratio that led to
the formation of FAU zeolite. For Na2O/SiO2 ratios less than or equal
to 0.8, the presence of unreacted materials becomes obvious
(Fig. 6(D)e(F)). Large non-reacted diatomite skeletons were still
present in aD1-S0.6 after 30h of synthesis, as shown in Fig. 7(A).

Although the reactivity process window with respect to alka-
linity was narrower on the low alkalinity side for aD3 in compari-
son with the other leached diatomites, the well-crystallized final
product obtained for aD3-S0.85-13h exhibited particles with
morphology and size consistent with aD1-S0.8 and aD1-S0.9, as it
can be observed in Fig. 7(B).

4. Discussion

The amount of zeolite produced in the system investigated
herein depends strongly on alkalinity. The amount of FAU zeolite
produced can be roughly estimated from the measured micropo-
rosity yield and X-ray crystallinity, which are reported in compar-
ison to the values obtained for a commercial zeolite Y powder in

Table 4 (for selected samples free of zeolite P). High values of the
microporosity yield and X-ray crystallinity were obtained for Na2O/
SiO2 ratios in the range 0.85e2.0, which shows that FAU crystals
could be produced from diatomite at a high yield. The remaining
unreacted extraneous minerals (e.g. quartz and plagioclase identi-
fied by XRD in Fig. 4) and clays most likely limited the highest
values of the microporosity yield that could be achieved. The in-
crease of the crystallinity values as the Na2O/SiO2 ratio was
decreased from 2.0 to 0.85 was attributed to textural effects due to
particle size. However, the microporosity yield and X-ray crystal-
linity values dropped dramatically as alkalinity was decreased for
Na2O/SiO2 ratios below 0.85. As shown above, fragments of diato-
mite were still present in the aD1-S0.6-30h sample, which clearly
indicates that alkalinity was insufficient to digest the entire raw
materials and cause complete reaction for Na2O/SiO2 ratios below
0.85.

Table 4 also shows the yield in terms of aluminum (hAl) calcu-
lated from gravimetric measurements and ICP-AES. Interestingly,
this value oscillates around 1, between 0.87 and 1.36. Since yield
values cannot be higher than 1, this strongly indicates that all
aluminum introduced in the synthesis mixture is present in the
final solid product, since the variations around 1 are within the
margin of error of ICP-AES. Considering that high microporosity
yield and X-ray crystallinity values were obtained for Na2O/SiO2
ratios in the range 0.85e2.0 and that these results corresponded to
the longest allowed synthesis time for obtaining FAU zeolite as the
sole product, it can be concluded that it is the depletion in
aluminum that triggered the formation of zeolite P in these sam-
ples. It is well known that aluminum is preferentially consumed
over silicon in the beginning of the growth of FAU zeolites and that
growth ceases as aluminum is depleted, which renders the syn-
thesis of high silica faujasite difficult. This is usually assigned to the
fact that aluminate ions are necessary for the formation of sodalite
cages, which are part of the FAU structure [40]. However, although
highly suspected and despite several attempts [41], a clear rela-
tionship between the growth rate of FAU crystals and the concen-
tration of aluminate ions has never been established.

The SiO2/Al2O3 ratio in the zeolite (RXRD in Table 4) increased
steadily as alkalinity decreased in our system using diatomite as
silica source reaching values of 3.9 or higher for Na2O/SiO2
ratios � 0.85. In fact, it is well-known that low alkalinity conditions
are required to synthesize high silica faujasite, since it has been
shown by different research groups that the SiO2/Al2O3 ratio in-
creases in various zeolites as the excess alkalinity decreases [42,43].
However, the synthesis of high silica faujasite usually requires the
use of colloidal silica as silica source, since FAU crystals with SiO2/
Al2O3 ratios larger than 3.9 cannot be obtained in the SiO2-
eAl2O3eNa2OeH2O system by utilizing sodium silicate [3]. The use
of diatomite also allowed SiO2/Al2O3 ratios larger than or equal to
3.9 to be reached in the compositional field identified for colloidal
silica by Breck and Flanigen (see Fig. 2). Both silica sources are
similar, in that they both have a higher degree of polymerization of

Table 3
SiO2/Al2O3 composition determined by XRD of the FAU products from optimal synthesis time and further on.

Starting material Na2O/SiO2 SiO2/Al2O3

6h 9h 12h 13h 14h 15h 28h 30h 33h 36h 48h

aD1, aD2 0.6 5.3 4.8 4.7 4.6
0.7 4.7 4.6 4.7
0.8 4.1 4.0
0.9 3.9 3.6 3.7
1.2 3.0 3.2 3.4
2.0 3.4 3.0 3.2

aD3 0.85 3.9 3.9 4.0
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silica than sodium silicates. Hence, our results suggest that the
higher polymerized state of silica in colloidal silica and diatomite
seems to play a role in the formation of high silica faujasite. It might
be due to the release of larger silica species [42] or by further

decrease of alkalinity during depolymerization of the starting silica
source [44], or a mixture thereof. However, diatomitewas too bulky
to be completely consumed under the investigated synthesis con-
ditions. Further investigation of our systemwith diatomite is under

Fig. 6. Scanning electron micrographs of (A) aD1-S2.0-6h; (B) aD1-S1.2-6h; (C) aD1-S0.9-13h; (D) aD1-S0.8-15h; (E) aD1-S0.7-28h; (F) aD1-S0.6-30h.

Fig. 7. Scanning electron micrographs showing: (A) a large fragment of diatomite remaining in aD1-S0.6 after 30 h of synthesis; (B) aD3-S0.85-13h.
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way in order to understand the formation and growth of silica-rich
FAU crystals. This knowledge is required if new strategies for the
synthesis of high silica faujasite without the use of expensive
colloidal silica or organic compounds such as tetraethylammonium
hydroxide [45] or crown ethers [44] are to be found.

According to Breck and Flanigen's definition, zeolite X is formed
when the faujasite structure contains aluminum such as the SiO2/
Al2O3 ratio is below 3 [3]. This definitionwas confirmed by Rüscher
et al. who argued that both domains of zeolite X and Y exist above
this ratio and that pure zeolite Y can only be claimed if ratio is
greater than or equal to 5.4 [39]. This delimitationwas based on the
resistance against amorphization during dealumination by steam-
ing. In light of these definitions, all final products obtained in this
work can be denominated zeolite Y. However, syntheses aD1-S2.0-
6h and aD1-S1.2-6h produced FAU crystals with SiO2/Al2O3 ratios
close to 3 (see Table 4), which therefore can be said to mainly
consist of zeolite X with very few zeolite Y domains. Lowering the
Na2O/SiO2 ratio was not sufficient to produce pure zeolite Y, since
synthesis aD1-S0.6-30h produced crystals with an average SiO2/
Al2O3 ratio of 5.3 (Table 4), but with an aluminum gradient (Table 3)
and in low yield. However, both Breck and Flanigen's and Rüscher's
studies showed that crystals with a SiO2/Al2O3 ratio higher than 3.8
possessed hydrothermal stability only inferior by approximately
10% to that obtained for high-silica zeolite Yafter steaming at 410 �C
for 3 h or 500 �C for 5 h, respectively. Therefore, the product of
synthesis aD3-S0.85-13h, which showed a SiO2/Al2O3 ratio of 3.9
and high crystallinity, may be a stable and inexpensive alternative
for FCC catalysts. In this regard, the porous properties of aD3-S0.85-
13h in terms of BET specific surface area and micropore volume
were comparable to the best samples prepared from aD1 for Na2O/
SiO2 ratios ranging between 0.9 and 2.0 and therefore only limited
by the unreacted extraneous minerals and clays that were initially
present in the diatomite. In this regard, the zeolite Y products with
highest crystallinity prepared in this study exhibit values for
external surface area ranging between 51.76 and 60.51 m2/g for
samples prepared from aD1, whereas a lower value of 35.84 was
obtained for aD3-S0.85-13h. The series of values for aD1 does not
show any trend with respect to crystal size and the order of
magnitude of these values is rather high compared with other
works, in which zeolite Y crystals have been synthesized from
chemical grade reagents [46]. The high values obtained for the
external surface area are most likely also related to the unreacted
minerals and clays remaining in the samples, since the difference in
magnitude noticed between the products with high crystallinity
prepared from aD1 and aD3 compares favorably with that found
between the values directly measured after leaching on aD1 and
aD3, i.e. 34.84 and 15.97 m2/g, respectively.

With regard to the influence of the impurities contained in the
starting diatomites, the ions released in solution during dissolution
of the minerals and clays were not found to affect particularly the
course of reaction. The only reproducibility issue observed was the

impossibility to obtain FAU crystals for a Na2O/SiO2 ratio of 0.6 with
the leached diatomite aD3. Considering the concentrations of the
different elements present in the three leached diatomites given in
Table 1, the only observation that can be made is that calcium and
sulfate ions might favor the nucleation of FAU crystals under low
alkalinity conditions. However, certain elements were incorporated
as exchangeable cations inside the zeolites. In fact, magnesium and
calcium were found to be located inside the FAU crystals by local
EDS measurements, which was not the case of potassium with
reservation related to diffusion of this element under high dose
irradiation by the electron beam in the SEM. The level of occupation
of the ion-exchangeable sites inside the FAU zeolites for Na, Ca and
Mg was determined by the EDS method that we previously
developed by the authors [31]. Interestingly, the two-fold differ-
ence in CaO content between the leached diatomites aD1 and aD3
(i.e. 0.79 and 0.40 wt% CaO, respectively, in Table 1) resulted in
twice as less uptake of calcium inside sample aD3-S0.85-13h as
compared with FAU zeolites prepared from aD1, as indicated by the
Ca/Al ratios of 0.05 and 0.09 given in Table 5 for aD3-S0.85-13h and
the average value of the aD1 samples, respectively. Furthermore,
comparable content in MgO in both leached diatomites (i.e. 0.16
and 0.18 wt% MgO for aD1 and aD3, respectively, in Table 1) caused
comparable uptake of magnesium in the corresponding FAU crys-
tals independently of which of these two leached diatomites was
used. These observations underpin the fact that improved methods
must be developed to purify diatomite in order to use the latter as
aluminosilica source for producing FCC-grade zeolite Y.

5. Conclusions

In this study, it was shown that Bolivian diatomite from the
Potosi region could be used as silica-rich source for the synthesis of
zeolite Y. Diatomites originating from different locations and
therefore containing different types and amounts of minerals and
clays as impurities were investigated. After optimization of syn-
thesis time, zeolite Y with low SiO2/Al2O3 ratio (3.0-3.9) was ob-
tained at a high yield for high alkalinity conditions (Na2O/
SiO2 ¼ 0.85-2.0). Lower Na2O/SiO2 ratios resulted in incomplete
dissolution of diatomite and lower yield. Nevertheless, decreasing
alkalinity resulted in a steady increase of the SiO2/Al2O3 ratio in

Table 4
Yield, SiO2/Al2O3 ratios and porous properties of the final products of the optimized syntheses.

Sample Yield in terms
of Al (hAl)

EDS SiO2/Al2O3

ratio (REDS)
XRD SiO2/Al2O3

ratio (RXRD)
X-ray
crystallinity

Surface area
BET (m2/g)

External surface
area (m2/g)

Micropore volume
(cm3/g)

Microporous
yield

aD1-S0.6-30h 0.97 4.6 5.3 0.18 94.4 29.61 0.030 0.10
aD1-S0.7-28h 0.92 4.4 4.7 0.22 107.7 44.88 0.029 0.09
aD1-S0.8-15h 0.99 4.0 4.1 0.48 466.6 44.55 0.197 0.63
aD3-S0.85-13h 0.99 4.1 3.9 0.94 584.5 35.84 0.255 0.82
aD1-S0.9-13h 0.87 3.8 3.6 0.81 618.4 51.76 0.264 0.85
aD1-S1.2-6h 1.13 3.2 3.1 0.73 611.0 60.51 0.256 0.83
aD1-S2.0-6h 1.36 3.5 3.4 0.69 646.2 56.57 0.276 0.89
zY com e 5.2 5.2 1.00 717.1 51.21 0.311 1.00

Table 5
Relative equivalents with respect to aluminum of the cations located in the zeolite of
the final products. The values were determined by EDS.

Sample Na/Al 2Ca/Al 2Mg/Al (Naþ2Caþ2Mg)/Al

zY com 1.00 n.d. n.d. 1.00
aD1 samplesa 0.90 0.09 0.02 1.00
aD3-S0.85-13h 0.97 0.05 0.03 1.05

n. d. (non-detected).
a Average values for aD1-S2.0-6h, aD1-S1.2-6h and aD1-S0.9-13h.
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zeolite Y. Consequently, it was possible to synthesize almost pure
zeolite Y with a SiO2/Al2O3 ratio of 5.3 for a Na2O/SiO2 ratio of 0.6,
but at a low yield. In this respect, diatomite enables the synthesis of
high silica zeolite Y and behaves similarly to colloidal silica in
traditional syntheses, with both sources of silica having in common
a high degree of polymerization. Interestingly, the presence of
minerals and clays in the starting diatomite had marginal effects on
the outcome of the synthesis. However, their dissolution resulted in
presence of calcium and magnesium in the zeolite Y crystals.
Finally, overrun of all investigated compositions resulted in the
formation of zeolite P nucleating and growing onto dissolving
zeolite Y crystals, which was shown to be triggered when
aluminum was completely depleted at high alkalinity.
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Abstract

In the present work, parameters influencing the selectivity of the synthesis of FAU-zeolites from 

diatomite were studied. The final products after varying synthesis time were characterized by 

scanning electron microscopy, energy dispersive spectroscopy, X-ray diffraction and gas adsorption. It 

was found that high concentrations of NaCl could completely inhibit the formation of zeolite P, which 

otherwise usually forms as soon as maximum FAU crystallinity is reached. In the presence of NaCl, 

the FAU crystals were stable for extended time after completed crystallization of FAU before onset of 

Ostwald ripening and formation of sodalite. It was also found that addition of NaCl barely changed the 

crystallization kinetics of FAU zeolite and only reduced the final FAU particle size and SiO2/Al2O3

ratio slightly. Other salts containing either Na or Cl were also investigated. Our results suggest that 

there is a synergistic effect between Na+ that promotes formation of sodalite cages and Cl- that seems 

to retard the crystallization process of zeolite P and analcime. This new finding may be used to 

increase the selectivity of syntheses leading to FAU-zeolites and avoid the formation of undesirable 

by-products, especially if impure natural sources of aluminosilica are used.
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Introduction

The crystallization of zeolites is affected by numerous synthesis parameters, such as SiO2/Al2O3 initial 

ratio, alkalinity, aging time, synthesis time and temperature, nature of the reagents, etc. These 

parameters have to be controlled if pure zeolite phases are desired as small variations may result in the 

formation of unwanted secondary phases [1].

FAU zeolite family comprised by Faujasite, X and Y, the latter with the general formula 

Na1.88Al2Si4.8O13.54* 9H2O [2]. FAU-type zeolites have important applications in the industry such as

separation processes, based mainly on zeolite X, and catalytic conversions, based mainly on zeolite Y

[3]. This type of zeolite is synthesized in the Na2O-SiO2-Al2O3 system. However, zeolite P, with the 

formula Na8Al8Si8O32*14H2O [4], is often an undesired by-product, which may form during synthesis 

of FAU-type zeolite [5]. Several studies have identified the use of pure chemical reagents [1], organic 

structure directing agents [6] and seeding [7, 8] as key factors for selectively synthesizing FAU-type 

zeolites without the formation of zeolite P. Impure natural sources of aluminosilica such as clays and 

diatomites require additional treatments (e.g. thermal activation, acid treatment) in order to make the 

material reactive or avoid zeolite P formation. Another important parameter that may influence the 

selectivity is the presence and quantity of foreign inorganic ions.

Inorganic ions (cations and anions) are known to favor the formation of determined zeolites and 

thereby to behave as structure directing agents or mineralizers. Two widely used mineralizers are OH-

and F- ions [9]. The role of alkali cations is primarily to balance the negative charge caused by the 

introduction of aluminum as [AlO4]-5 in the zeolite framework. However, the participation of alkali 

cations has also been shown to be fundamental to determine the final zeolite product [10]. Na+ ions 

play as structure directing agent by interacting first with water molecules and subsequently with silica 

and alumina species directing the final structure of the zeolite product. Dewaele et al. [10] studied the 

effect of different alkali chloride salts added to the synthesis mixture to obtain pure FAU-type zeolites. 

The main findings were that the different alkali ions (Na+, K+, Li+, Rb+, Cs+, NH4
+) added as chlorides

mainly influenced the type of zeolite that formed, but also strongly affected the morphology, 



composition and size of the crystals. Na+ ions promote the formation of zeolites LTA, FAU and SOD

(sodalite, Na6 [Al6Si6O24]*2NaCl·6H2O) [11], which are composed of sodalite cages. However, FAU 

and LTA will eventually transform to the more thermodynamically stable zeolite P after the optimal 

synthesis time has been exceeded. On the other hand, K+, Rb+ and Cs+ have been shown to favor the 

formation of more compact zeolite frameworks such as P, M and analcime [12]. Zhan et al. [13] have 

reported that NaCl at low concentration (down to Na/Si= 0.001) favors FAU over LTA and reduces

particle size. Liu et al. [14] also observed a diminishment of particle size in the synthesis of super-fine

zeolite Y by adding NaCl to the synthesis mixture, which was explained by a strong electrolyte effect 

in the solution. 

In the present work, we report on another effect of NaCl on the synthesis of pure FAU-type zeolite 

from diatomite, namely the inhibition of the formation of undesired zeolite P as secondary phase.  

Moreover, we studied the effect of NaCl on the crystallization rate, yield, crystal size and Si/Al ratio 

as well as the influence of the addition of various salts containing either Na or Cl on the final as-

synthesized zeolite product. We found that NaCl can be used to increase the selectivity of syntheses 

leading to FAU type zeolite. 

Experimental design

Synthesis procedure

Sampling and treatment of the Bolivian diatomite used as raw material are described elsewhere [15].

The acid treated diatomite aD1 was used. It was added to a NaOH solution whilst stirring together 

with a suitable amount of Al2(SO4)3 to arrive at the desired SiO2/Al2O3 molar ratio. NaCl was added to 

the mixture to adjust the composition to the following ratios: Na2O/SiO2 = 1.2; SiO2/Al2O3 = 11; 

H2O/Na2O = 40 and NaCl/Al2O3 = x, where x = 0, 1 and 40 (corresponding to 0, 4 and 152% increase 

in Na2O, respectively). After aging for 24h, the mixtures were transferred to Teflon lined autoclaves 

and placed in an oven kept at 373 K. After hydrothermal treatment for a certain time, the autoclave 

was quenched and the solid product was repeatedly filtered and dispersed in distilled water until the 



pH of the filtrate liquid was less than 9. The final solid product was dried in an oven at 373 K 

overnight and weighed in order to estimate the yield. 

Finally, different salts were evaluated in addition to NaCl. In this case the molar composition of the 

synthesis mixture was: Na2O/SiO2 = 1.0; SiO2/Al2O3 = 11; H2O/Na2O = 40 and X/Al2O3 = 40, where X

= NaCl, NaNO3, NaF, Na2SO4, KCl, NH4Cl or NH4OH.

Characterization

Powder XRD data of the zeolite products were recorded by a PANalytical Empyrean X-ray 

diffractometer equipped with a PixCel3D detector and a graphite monochromator. CuK 1 radiation 

-50°.

The SiO2/Al2O3 ratio of the FAU zeolites was calculated using the empirical relationship proposed by 

Rüscher et al. [16] by determining the lattice parameter from the (555) reflection of faujasite by using 

silicon as an internal standard. Faujasite crystallinity was determined by calculating the area under the 

region 30.0-31.8° after background removal and comparing it to that obtained for a 

commercial zeolite Y powder with a SiO2/Al2O3 ratio of 5.16.

The morphology of the raw materials, intermediate products and final products were studied by 

scanning electron microscopy (SEM) using a Magellan 400 instrument supplied by the FEI Company. 

The samples were investigated using a low accelerating voltage and no conductive coating. Also,

crystal size distribution was estimated by measuring a population of 100 crystals for each sample.

Energy dispersive spectroscopy (EDS, X-max detector 50 mm2, Oxford Instruments) was also 

performed to establish the overall composition of the final solid products and the dried liquid phase. 

EDS analysis was performed at 10 kV on a SEM equipped with a microinjector (Merlin SEM, Carl 

Zeiss) in order to mitigate charging by feeding nitrogen gas close to the surface of samples, repeating 

the same methodology that was previously shown to be successful to estimate the amount of 

exchanged ions in zeolite A [17]. The partition of silicon in the final solid products was estimated 

from the silicon content measured by EDS in the liquid and solid phases. The sum of the calculated 



quantities for Si in the solid and liquid phases was found to be in good agreement with the quantity 

that was originally introduced in the mixture. 

Nitrogen adsorption at 77 K was recorded using a Micromeritics ASAP 2010 instrument. Specific 

surface area was determined using the Brunauer–Emmett–Teller (BET) method. The micropore 

volume and the external surface area of the final products were determined by the t-plot method using 

the formula: 

t = [13.9900 / (0.0340 - log (P/P0))] ^ 0.5000 (1)

The microporous yield was also determined from the micropore volume of the samples by comparison 

with the micropore volume of the commercial powder of zeolite Y. 

Results

The composition with a Na2O/SiO2 ratio of 1.2 and x = 0 was studied as a function of synthesis time. 

This series is hereafter referred to as S1.2-0NaCl. Figure 1 shows that FAU zeolite starts to crystallize

after 1 h and that maximum crystallinity is reached between 4 and 6h of synthesis time. Longer

synthesis times (>6h) lead to a decrease of XRD crystallinity due to dissolution of FAU crystals.

Instead, the more thermodynamically stable zeolite P forms (Figure 1B). SEM micrographs of S1.2-

0NaCl at different synthesis times are shown in Figure 2. After 5h (Figure 2A), the sample consists 

mainly of FAU-type crystals with octahedral shape and a high degree of intergrowth. Extending 

synthesis time causes the FAU zeolite crystals to be completely replaced by tetragonal crystals of 

zeolite P after 48h (Figure 2B).



Figure 1. (A) Relative XRD crystallinity for the S1.2 system with x = 0 and 40 as a function of 

synthesis time. (B) XRD diffractograms for selected samples showing either maximum faujasite 

crystallinity or high degree of overrun.

The addition of a large amount of NaCl (x = 40, i.e. S1.2-40NaCl) barely changes the crystallization 

rate as shown in Figure 1A by the relative faujasite XRD crystallinity curve. Crystallization also starts 

after 1h and crystallization rate is similar until 2 h before slowing down during the following four 

hours to reach maximum crystallinity after approximately 6 h. This time to reach maximum 

crystallinity is comparable with that obtained without the addition of NaCl. However, the presence of 

NaCl causes crystallinity to remain constant over a longer period of time, the faujasite XRD 

crystallinity decreases only after 120 h of synthesis. As a matter of fact, the formation of zeolite P was 

completely inhibited and instead another secondary product was identified after 240 h of synthesis, 

namely sodalite (Figure 1B).



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM micrographs showing: S1.2-0NaCl after (A) 5 h and (B) 48h of synthesis time; and 

S1.2-40NaCl after different synthesis times: (C) 6h, (D) 120h, (E) 240 h and (F) 504h.
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These results for S1.2-40NaCl were confirmed by SEM observations. It is evident by comparing 

Figure 2C and Figure 2D that no morphological changes occur to the faujasite crystals between 6 and 

120 h. After 240 h (Figure 2E), the apparition of rounded shaped crystals (white arrows) that are 

attributed to sodalite can be noticed as well as an increase in size of FAU-type crystals. This trend is 

more remarkable after 504 h of synthesis time in Figure 2F, while the population of sodalite crystals 

further developed (white arrows), it can be also appreciated the occurrence of FAU-type crystals with 

sizes around 1 μm, probably by Ostwald ripening (white circles); during ripening the subcritical FAU-

type clusters are considered to dissolve spontaneously, so that their mass is released to contribute to 

further growth of remaining clusters, giving as a result larger FAU-type crystals [18].

Table 1. Data on silicon partition, relative XRD crystallinity, SiO2/Al2O3 ratio, microporous yield and 
external surface area.

Sample
Si 

in final solid
(% of all Si)

Relative XRD 
Crystallinity

(%)

XRD
SiO2/Al2O3

Microporous 
yield
(%)

External 
surface 

area
(m2/g)

S1.2-0NaCl-5h 50 87.7 2.91 79 42.5

S1.2-40NaCl-6h 52 63.3 2.71 93 65.0

S1.2-40NaCl-120h (5d) 48 65.8 2.66 92 81.2

S1.2-40NaCl-240h (10d) - 54.9 2.66 68 43.5

Commercial zeolite Y - 100 5.16 100 49.5

Although the relative XRD crystallinity was lower for S1.2-40NaCl-6h than for S1.2-0NaCl-5h with 

63.3 and 87.7%, respectively, the sample with NaCl addition showed a higher crystallinity from 

microporous yield, i.e. 93% to be compared with 79% in the absence of NaCl (see Table 1). 

Interestingly, both samples consisted mostly of faujasite crystals according to XRD and were produced 

at comparable yield as indicated by the partition of silicon between the liquid and the final product for 

the corresponding syntheses, i.e. 50 and 52% of the total silicon present in the final solid product in 

S1.2-0NaCl-5h and S1.2-40NaCl-6h, respectively. In fact, the discrepancies between relative XRD 

crystallinity and microporous yield might be explained in terms of crystal size in both samples. As 



shown in Fig. 2(A) and Fig.2(C), the sample synthesized in the presence of sodium chloride consisted

of smaller crystals. This was confirmed by measuring crystal size in SEM micrographs on a large 

number of crystals. Figure 3 shows the corresponding size distribution for both samples. A median 

size of 600 nm was measured on S1.2-0NaCl-5h. The 10% decrease in size for S1.2-40NaCl-6h, i.e.

540 nm, might have caused a decrease in intensity of the diffracted peaks used for calculating 

crystallinity, while it contributed to expose more external surface area for probing the microporous 

volume, as shown in Table 1 by the higher value of the specific external surface area for S1.2-40NaCl-

6h compared with S1.2-0NaCl-5h.

Figure 3. Crystal size distribution in S1.2-40NaCl-6h (black) and S1.2-0NaCl-5h (dense).

Discussion

Table 1 also gives the SiO2/Al2O3 ratio in the FAU crystals determined by X-ray diffraction for the 

samples with x = 0 or 40 for different synthesis times. It is evident that the samples synthesized in the 

presence of a large amount of NaCl exhibit a lower SiO2/Al2O3 ratio of approximately 2.7 to be 

compared with 2.9 without NaCl addition. In our previous work [15], we showed that all the 



aluminum was present in the final solid product. Therefore, the addition of NaCl must have promoted 

incorporation of Al from plagioclase or an intermediate product into the framework of the zeolite [15],

which might also be responsible for the higher microporous yield of the S1.2-40NaCl samples (93 and 

92% for 6 and 120 h, respectively) compared with S1.2-0NaCl (79% for 5 h). This effect is most 

probably due to the higher concentration of Na+ ions, as the same trend was evidenced in our previous 

work, in which higher Na2O/SiO2 ratios by addition of NaOH led to lower SiO2/Al2O3 ratios in the 

FAU-type zeolite [15]. A higher incorporation of aluminium in the zeolite framework is of course 

expected in the case of high concentration and availability of charge balancing Na+ cations.

Another similarity between the addition of NaOH and NaCl is the smaller crystal size obtained by 

increasing the Na2O/SiO2 ratio. Since the S1.2-0NaCl-5h and S1.2-40NaCl-6h samples reached 

maximum crystallinity with similar yields according to the final partition of silicon (Table 1), NaCl 

clearly influenced nucleation, probably be increasing the number of nuclei, resulting in smaller final 

crystals. This is usually interpreted as an increase of supersaturation in classical crystallization theories 

[19]. Recently, Liu et al. [14] reached a similar conclusion based on inorganic salts that were 

introduced to the synthesis mixture under controlled synthesis factors, such as alkalinity and 

crystallizing temperature. The results showed that the particle size of zeolite Y could be apparently 

decreased by introduction of NaCl. Besides, Zhan et al. [13] showed that particle size is reduced by 

the addition of NaCl at low concentration (down to Na/Si= 0.001). Zhan et al. also showed that the 

formation of FAU zeolite is favored over LTA in these conditions. The authors proposed that NaCl 

promotes the formation of more building units of 6 membered rings (6R and D6R) over 4 membered 

rings (4R and 4DR), the latter being the precursors for zeolite A and zeolite P (only 4R). This seems to 

be caused by the transformation of 4R and D4R to 6R and D6R. As a result, there probably exists a

higher number of 6 membered rings for the connection of sodalite cages to form FAU-type zeolite 

crystals than 4-membered rings for connection of sodalite cages in the configuration leading to LTA-

type crystals [20]. This may be also the reason explaining the facts that formation of zeolite P is 

inhibited and that FAU-type zeolite directly forms sodalite (composed by sodalite cages) at very long 

synthesis time in the presence of large amounts of NaCl.



Furthermore, it might be tempting to impart the key role of these observations to sodium ions, since it 

is known as a “structure-directing agent” of sodalite cages. However, considering the findings of 

Zhang et al. [13], Cl- was demonstrated to strongly promote the formation of FAU-type zeolites. To 

challenge this hypothesis, NaCl was substituted with different salts in the aD1-S1.0-40NaCl-120h 

system. The ratio x = salt/Al2O3 was set to 40 with respect to Na+, Cl- or NH4
+ contained in the salt. 

The X-ray diffractograms of the resulting products are presented in Figure 4. As discussed earlier, the 

addition of NaCl results in pure FAU even after 120 h of synthesis. Interestingly, the addition of 

NaNO3 resulted in almost pure sodalite. The formation of sodalite at higher Na2O/SiO2 ratio is similar 

to the addition of NaOH as in our previous work [15], apart from being triggered earlier herein.

However, other anions were also found to play an important role on the outcome of the syntheses. As a 

matter of fact, addition of NaF or Na2SO4 did not prevent the formation of zeolite P, but resulted in a 

mixture of zeolite P and analcime. As analcime is known to be an overrun product of zeolite P [21],

the reaction kinetics seems to have been increased by these salts. This can be understood by the fact 

that fluorine ions F- are known to act as mineralizer as OH-. Our results suggest that it might also be 

the case of sulfate ions. To investigate the effect of chlorine ions, both KCl and NH4Cl were evaluated.

The former resulted in the formation of almost exclusively zeolite P, which can be related to 

potassium ions known to favor nucleation of this phase [12]. Surprisingly, zeolite crystallization was 

completely inhibited by NH4Cl. Quartz was originally present inside the diatomite Addition of 

NH4OH resulted in the formation of montmorillonite-type clay. Therefore, our results suggest that 

chlorine ions inhibits crystallization of zeolite P and analcime and that the beneficial effect of NaCl 

addition on the synthesis of faujasite zeolite is due to a synergic effect of Na+ and Cl- ions.



Figure 4. XRD diffractograms of S1.0-40X-120h, where X = NaCl, NaNO3, NaF, Na2SO4, KCl,

NH4Cl or NH4OH.

Finally, in order to determine the necessary quantity of NaCl, the amount of added NaCl was reduced 

to x = 1. Figure 5 shows the XRD results of samples S1.2-0NaCl-12h and S1.2-1NaCl-12h. Obviously, 

this lower amount of NaCl was still successful in inhibiting the formation of zeolite P until at least 12 

h of synthesis.



Figure 5. XRD diffractograms of S1.2-0NaCl-12h and S1.2-1NaCl-12h.

5. Conclusion

In the present work, the effect of NaCl on the selective synthesis of FAU-zeolites from diatomite was 

studied. A high amount of this salt (i.e. 152% increase in Na2O) was found to inhibit the formation of 

zeolite P. In the presence of NaCl, the FAU crystals were stable for extended synthesis times before 

onset of Ostwald ripening and formation of sodalite as a new product. Inhibition of zeolite P was still 

effective for a smaller addition of NaCl (i.e. 4% increase in Na2O). Besides, the addition of NaCl 

barely changed the crystallization kinetics of FAU but reduced particle size by 10% and the 

SiO2/Al2O3 ratio from 2.91 to 2.71. Other salts containing either Na or Cl were also tested in order to 

investigate the role of NaCl. Our results suggest that there is a synergistic effect between Na+ that 

promotes formation of sodalite cages and Cl- that retards the crystallization process of zeolite P and

Analcime. This new finding may be used in order to increase the selectivity of FAU-zeolites and avoid 

the formation of undesirable by-products, especially if impure natural sources of aluminosilica are 

used.
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