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Abstract
ZSM-5 is a zeolite with high Si/Al ratio and suitable properties for catalysis, ion
exchange, adsorption and membrane applications. The main goal of this thesis work
was to study the growth of ZSM-5 zeolite crystals from inexpensive natural sources of
silica and alumina, as well as n-butylamine (NBA) as a low-cost structure directing
agent.
First, a proper methodology to gain reliable and local compositional data on zeolite by
energy dispersive spectroscopy (EDS) was developed using zeolite A samples (Paper I).
The EDS method developed in the present work was found more reliable than
inductively coupled plasma-sector field mass spectrometry (ICP-SFMS) data and was
therefore used for the analysis of ZSM-5 samples.
Then, methods to synthesize ZSM-5 crystals from kaolin clay or diatomaceous earth,
two inexpensive natural sources of silica and alumina, were developed (Paper II). In the
case of kaolin, a heat treatment was used in order to form reactive amorphous
metakaolinite. Subsequently, dealumination of the raw materials by acid leaching made
it possible to reach appropriate Si/Al ratios and to reduce the amount of impurities.
Finally, leached metakaolinite or diatomaceous earth was reacted with sodium
hydroxide and NBA. The sources of aluminosilicates were found to behave differently
and to lead to slightly different products with Si/Al ratios in the range 10-20. The use of
leached diatomaceous earth allowed to reach higher yield of ZSM-5 crystals. However,
low amounts of mordenite were inevitably formed as a by-product, which was related to
the high calcium content of diatomaceous earth. Therefore, subsequent thesis work
focused on studies of the nucleation and growth processes of ZSM-5 crystals using
kaolin as raw material.
In this system, a gel forms upon heating of the synthesis mixture. Hence, the internal
structure of the gel was first investigated carefully (Paper III). Secondly, a kinetic study
was performed and compared with microstructural observations (Paper IV). Finally, the
mechanisms leading to Al-zoning and dendritical growth of the zeolite crystals were
investigated (Paper V). The intermediate phases during the different stages of the
hydrothermal synthesis were analyzed by ICP-SFMS, dynamic light scattering (DLS),
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extreme high resolution-scanning electron microscopy (XHR-SEM), EDS, high
resolution-transmission electron microscopy (HR-TEM), X-ray diffraction (XRD) and
nitrogen gas adsorption.
These investigations led to several important conclusions: 1) The walls of the gel were
shown for the first time to be inhomogeneous and to possess a biphasic internal
structure consisting of a mesoporous skeleton of aluminosilicate nanoparticles
embedded in a silicate-rich soluble matrix of soft matter. 2) The kinetic study and
microstructural evidences showed that the early crystals were fully embedded in the gel
phase and that crystal growth was retarded by the gel. Hence, nucleation and growth
appeared to be solution mediated. 3) The aluminium zoning of the crystals was related
to the biphasic internal structure of the gel, since the silicate-rich matrix was
preferentially consumed first. 4) The dendrites present at the surface of the crystals
during most of the growth process were shown to be caused by the presence of a web of
nanoparticles, most likely originating from the mesoporous skeleton inside the gel.
In the future, these findings are expected to lead to optimized synthesis pathways of
catalysts with homogeneous properties, which may contribute to the development of
poor regions in Bolivia.

ii

Acknowledgements
First and foremost, I praise to Lord Jesus Christ! Thanks Father God, for providing me the
ability to develop successfully this work. (Colossians 3:17, KJV)
I am and will be forever grateful to my supervisor, Associate Professor Johanne Mouzon for all
the help and support during my PhD studies. It was very fruitful to work closely with you. Your
patience, guidance and advices were important for my development as a researcher. I would also
like to thank my assistant supervisor Prof. Jonas Hedlund for always being very supportive. It is
always pleasant to have discussions with you and your experience was so valuable.
I am thankful for the friendship of all of the members of Department of Civil, Environmental
and Natural Resources Engineering and the Division of Chemical Engineering.
I am also very grateful to all the people I have met along the way and who have contributed to
the development of my research. In particular, I would like to show my gratitude to all my
friends from UMSS, UMSA and LTU. I am indebted to you for your contributions in the
research and studies and for always being there when I needed you! Thank you guys!
The financial support of this work by the Swedish International Development Cooperation
Agency (SIDA) is also acknowledged.
Finally, I would like to express my deepest gratitude and love to my beloved wife Mildred.
Your prayers, support, understanding, encouragement and patience transformed the dark and
cloudy days in beautiful shiny sunny days. ¡Te amo mi preciosa esposa y compañera de vida!
Mamita Alicia gracias por tu paciencia, tu apoyo, por haberme dado la oportunidad de tener una
excelente educación y sobre todo por ser mi amiga. ¡Te amo mucho! Dios bendiga siempre tu
hogar junto a tu esposo Francis. También, quisiera expresarles mi agradecimiento y cariño a mi
amada familia Torres-Forqueda por todo su apoyo y ayuda. ¡Los quiero y que Nuestro Señor les
bendiga!
De igual forma, a mis queridas familias Valdivia y Tornberg quisiera manifestarles todo mi
afecto y gratitud, han sido una bendición en mi estadía en Luleå. Mis hermanos de la Iglesia de
Cristo en Luleå siempre los llevaré en el corazón, son mi deseos y oraciones que nuestro Señor
Jesucristo los bendiga abundantemente.

iii

iv

List of Papers
The thesis is based on the following papers:
Paper I. Preparation of zeolite A with excellent optical properties from clay
Gustavo Garcia, Wilson Aguilar-Mamani, Ivan Carabante, Saúl Cabrera,
Jonas Hedlund and Johanne Mouzon
Journal of Alloys and Compounds, 2015. 619: p. 771-777.
Paper II. Comparison between leached metakaolin and leached diatomaceous
earth as raw materials for the synthesis of ZSM-5
Wilson Aguilar-Mamani, Gustavo García, Jonas Hedlund and Johanne
Mouzon
SpringerPlus, 2014. 3(1): p. 1-10.
Paper III. Internal structure of a gel leading to NBA-ZSM-5 single crystals
Johanne Mouzon, Wilson Aguilar-Mamani and Jonas Hedlund
Manuscript submitted to Journal of Porous Materials
Paper IV. Solution-mediated growth of NBA-ZSM-5 crystals retarded by gel
entrapment
Wilson Aguilar-Mamani, Johanne Mouzon, Farid Akhtar and Jonas Hedlund
Manuscript submitted to Journal of Crystal Growth
Paper V. Influence of the gel internal structure on Al zoning and dendritic growth
of NBA-ZSM-5 crystals
Wilson Aguilar-Mamani, Johanne Mouzon, Edgar Cardenas, Ming Zhou and
Jonas Hedlund
Manuscript submitted to Journal of Physical Chemistry C
My contribution to the appended papers:
Paper I: Experimental work and writing regarding the EDS measurements.
Paper II: Nearly all experimental work, evaluation and writing.
Paper III: Participation in planning, evaluation and writing. Nearly all experimental
work.
Paper IV: Participation in planning, evaluation and writing. Nearly all experimental
work.
Paper V: Participation in planning, evaluation and writing. Nearly all experimental
work.
v

vi

List of abbreviations
NBA

n-butylamine

ZSM-5

Zeolite Socony Mobil - 5

LTA

Linde Type A

TPA

Tetrapropyl ammonium

TPA-Br

Tetrapropyl ammonium bromide

TPA-OH

Tetrapropyl ammonium hydroxide

SDA

Structure directing agent

WLP

Worm like-particles

Al

Aluminium

Na

Sodium

Si

Silicon

Ca

Calcium

C

Carbon

N

Nitrogen

Na-P1

Zeolite P

NaOH

Sodium hydroxide

EDS

Energy dispersive spectroscopy

ICP-SFMS

Inductively coupled plasma – sector field mass spectrometry

XRD

X-ray diffraction

XHR-SEM

Extreme high resolution – scanning electron microscopy

HR-TEM

High resolution-transmission electron microscopy

DLS

Dynamic light scattering

TG

Thermogravimetry

MS

Mass spectrometry

BET

Brunauer–Emmett–Teller (BET) theory

CC

Charge compensation

Na2SiO3

Sodium silicate

NaCl

Sodium chloride

RT

Room temperature

vii

viii

Contents
Abstract

i

Acknowledgements

iii

List of Papers

v

List of abreviations

vii

1. Introduction

1

1.1. General description of zeolites

1

1.2. Applications of zeolites

2

1.3. Zeolite synthesis

2

1.3.1. Crystallization stages

3

1.3.2. Crystallization kinetics

4

1.3.3. Crystallization systems

5

1.4. Crystallization of ZSM-5 zeolite in heterogeneous systems

6

1.4.1. Reported mechanisms

6

1.4.2. The gel phase

7

1.4.3. Morphology of the crystals and aluminium zoning

7

1.5. Zeolite synthesis from natural raw materials

8

1.5.1. Kaolin as raw material for zeolites

9

1.5.2. Diatomaceous earth-derived zeolites

10

1.6. Scope of the present work

10

2. Experimental

11

2.1. Preparation of the gel

11

2.2. Hydrothermal synthesis

11

2.3. Separation of the phases

12

2.4. Preparation of thin films by seeded growth

13

2.5. Characterization of the raw materials, intermediates and final products

14

2.5.1. ICP-SFMS

14

2.5.2. XRD

14

2.5.3. XHR-SEM

14

2.5.4. Imaging on polished cross-sections

15

2.5.5. Size distribution of the ZSM-5 crystals

15

2.5.6. EDS

16

2.5.7. Si/Al ratio in the walls

16

ix

2.5.8. Si/Al ratio on cross-sections of the final crystals

17

2.5.9. HR-TEM

17

2.5.10. DLS

17

2.5.11. TG and MS

17

2.5.12. Nitrogen adsorption

18

2.6. Determination of the nucleation rate

18

3. Results and Discussion

21

3.1. Validation of EDS as a tool for studying aluminosilicates

21

3.2. Characterization of the starting materials

24

3.3. Preparation of ZSM-5 from kaolin and diatomite

26

3.4. Aging of leached metakaolin

31

3.5. Structure of the gel

32

3.5.1. Crystallization stages with respect to gel evolution

33

3.5.2. Formation of the gel

33

3.5.3. Structure of the gel after drying

34

3.5.4. Effect of washing

36

3.6. Zeolite crystallization

39

3.6.1. Kinetic study

40

3.6.2. Microstructural study

43

3.6.3. Thermogravimetric study

46

3.6.4. Nucleation and growth mechanisms

47

3.7 Aluminium zoning

48

3.8. Dendritic growth

51

3.8.1. Asperities and interdentritic phase

51

3.8.2. Seeded growth of thin films

53

4. Conclusions

57

5. Future Works

59

References

61

Appendices

67

x

1 Introduction
1.1. General description of zeolites
Zeolites are hydrated crystalline aluminosilicates built of [SiO4]4- and [AlO4]5tetrahedra connected by oxygen atoms forming a three dimensional network. The
[AlO4]5- tetrahedra result in negative charge inside the framework, which must be
balanced by the presence of cations [1]. The cations are mobile, exchangeable and
occupy the channels and cages of zeolites. The general structural formula of a zeolite
can be expressed by equation (1):
(1)
where n is the valence of the cation M, w is the number of water molecules per unit cell,
y/x is the silica/alumina (SiO2/Al2O3) ratio of the zeolite.
Zeolites might be found in natural deposits or can be synthesized in the laboratory.
Nowadays, most of the zeolites used in different fields are synthetic as they can be
prepared with higher uniformity and purity compared with natural zeolites.
The International Zeolite Association (IZA) has recognized more than 200 framework
topologies of zeolites, which are classified according to the framework symmetry by
assigning a code of three letters. For instance, LTA is employed for Linde zeolite A,
while MFI corresponds to ZSM-5 and silicalite-1 zeolites.
The main zeolite investigated in this work is ZSM-5 which has usually a Si/Al ratio
ranging from 10 to 200. The structure of ZSM-5 is built by pentasil units and the
combination of these units allow for the formation of two types of channel systems with
similar size, i.e. sinusoidal channels (5.1 × 5.5 Å) and straight channels (5.3 × 5.6 Å).
Zeolite A is also studied in this work. This zeolite has the Linde Type A structure
(LTA) and a Si/Al ratio of 1. It consists of a three-dimensional network system which
contains perpendicularly intersecting channels. This arrangement is composed of a
cubic array of -cages (sodalite cages) linked by double 4-rings (D4R) units forming an
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 cage. The free aperture diameter of the  cage is 4.1 Å. Figure 1.1 illustrates the
structure of ZSM-5 and zeolite A.

Figure 1.1. Structure and micropore system with dimensions for ZSM-5 and zeolite A.
1.2. Applications of zeolites
Zeolites might act as molecular sieves due to the well-defined framework and the
porous structure of these aluminosilicates. Therefore, there are three main uses for
zeolites in the industry: catalysis, adsorbents and ion exchangers. In the field of
catalysis for example, ZSM-5 is used as catalyst for hydrocarbon isomerization [2] and
partial oxidation of alcohols [3]. A widely use of zeolites as adsorbents is in gas
separation processes [4]. On the other hand, the application of zeolites as ion
exchangers is mainly employed for the removal of calcium and magnesium cations from
domestic and industrial water. For instance, sodium zeolite A is commonly used in
detergents, by replacing the polyphosphates as water softener [5-7].
1.3. Zeolite synthesis
Zeolites are usually synthesized under hydrothermal conditions between room
temperature and 300 ºC. The starting synthesis mixture is composed of sources of
silicon and aluminum, in combination with a mineralizing agent (often a source of
hydroxide or fluoride ions) and water. The synthesis mixture is sealed in autoclaves and
treated at defined temperatures where pressure is approximately equivalent to the
saturated vapor pressure of water at the temperature of the synthesis. After a certain
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time (from hours to days) the sources of silicon and aluminum are converted to zeolite
crystals. A large number of variables such as the nature of the reactants, temperature,
alkalinity, chemical composition, among others might influence the hydrothermal
crystallization and determines the kinetics and the nature of the final product [8].
Sources of silicon and aluminum are countless. For instance, precipitated silica powders
and colloidal silica sols are suitable silicon sources. Aluminum oxides, metal
aluminates, aluminum hydroxides are the mostly used aluminum sources. Most of these
sources are reagent grade and are expensive. In order to reduce the cost of the synthesis
of zeolites, low-cost alternatives have been investigated, such as clay minerals [9, 10],
coal fly ash [11, 12], different industrial wastes [13], etc. Besides the silicon and
aluminum sources, a mineralizing agent is required to convert the starting material into
mobile units which can react to form new chemical bonds and generate the zeolite
framework. Alkali hydroxide, alkali earth hydroxide and/or fluoride ions are the most
wide used. In addition, the presence of organic cations such as amines is required in
numerous syntheses. These molecules provide alkalinity and act as a template or
structure directing agent (SDA). ZSM-5 is synthesized conventionally using quaternary
ammonium compounds such as TPA-Br and TPA-OH as templates. In general, the
quaternary ammonium compounds are expensive; however NBA is a low-cost
alternative to replace TPA compounds [14, 15].
From the first patented synthesis obtained by the researchers of Mobil Oil Corporation
[16] to nowadays, important advances in the field of synthesis and applications of ZSM5 zeolite have occured. During the last decades, several studies have focused on the
design of ZSM-5 crystals with defined properties for specific applications. Achieving
this goal requires understanding of the stages and pathways of synthesis, kinetics of
crystallization and formation mechanisms of the crystals.
1.3.1. Crystallization stages
The most common indicator of the progress of zeolite crystallization is the evolution of
crystallinity as a function of time. Figure 1.2 shows a typical S-shaped curve and the
related stages of crystallization. In general, this curve is divided by the sequence:
induction period, nucleation and crystal growth [17].
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The induction period is defined as the time between the beginning of the reaction and
the observation of the first nuclei. The nucleation period is characterized by
rearrangement of the atoms or molecules of the starting material into nuclei of the
product phase which are sufficiently large to grow towards crystals. Figure 1.2 shows a
typical nucleation profile which starts with an increase of the nucleation rate with time
until it reaches a maximum value and finally decreases to zero at the end of nucleation.
The period of crystal growth is characterized by an increase in size of the crystals. In
most of the cases, the species are incorporated onto the surface of a crystal by
transportation through solution prior to attaching and moving on the surface and edges
of crystals according to traditional crystallization theories [8].

Figure 1.2. Evolution of crystallization as a function of time.
1.3.2. Crystallization kinetics
The crystallization kinetics of zeolites is usually studied by observing the changes in
crystallinity with time (t). Therefore, the S-shaped crystallization curve (Fig.1.2) can be
usually correlated by an exponential equation (2) [18, 19]:
(2)
where f(C) is the fraction of zeolite formed at crystallization time t; k is a constant which
reflects the crystalline nucleation and growth rates; and n is a constant which provides
information about the zeolite nucleation and growth mechanism. For instance, n = 3 in a
4

crystal-crystal transforming system where nucleation is heterogeneous, and n = 4 if the
nucleation is homogeneous with a linear size independent growth. For gel-crystal
transformations, the exponent is usually greater than 4 and associated with an increase
of the nucleation rate during the initial autocatalytic period of crystallization [20].
1.3.3. Crystallization systems
In general, the synthesis pathways can be grouped into two main systems of
crystallization: homogeneous and heterogeneous systems. The central difference
between these two categories is the appearance of a macroscopic gel. For instance,
homogeneous systems, which are also referred to as “clear solution systems", are
characterized by the absence of a gel to the naked eye. In contrast, heterogeneous
systems are also denominated "hydrogel systems" and result in a visible gel directly
upon mixing the reactants or in the initial stage of crystallization. This gel is an
amorphous phase with a certain degree of stiffness. Sometimes, the formed stiff gel
mass can easily be extracted from the system and is referred to as the solid part [8, 21].
In the case of the system of clear solutions, advanced analyical techniques have allowed
the identification and study of intermediate species during nucleation and the early
stages of crystallization of MFI-type zeolites. For example, during the synthesis of
silicalite-1 from clear solutions (which is the Al-free version of ZSM-5), the presence of
colloidal nanoparticles with a size in the range of 2-4 nm is required [22-25]. These
primary silica particles act as precursor species for crystallization [26]. Nucleation and
growth take place through the formation of aggregates of the primary particles [27, 28].
However, ZSM-5 is also produced from concentrated systems in which there is
formation of a visible amorphous gel phase resulting in a heterogeneous system. A
careful study of such a system should consider the experimental difficulties related to
in-situ characterization, such as the complex interrelationship between solid, colloidal
and liquid phase and the risk of creating artifacts during drying prior to ex-situ
characterization. Therefore, in order to handle this issue, an approach is to study the
intermediates products in a more diluted but still heterogeneous system [29].
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1.4. Crystallization of ZSM-5 zeolite in heterogeneous systems
1.4.1. Reported mechanisms
Different mechanisms of crystallization in heterogeneous systems have been suggested
for ZSM-5 through the years. For instance, Derouane and Gabelica [30, 31] proposed
two main types of mechanisms according to the transportation pathways of the nutrients
to the crystals during the growth process: the “liquid transportation mechanism” (type
A) or “direct solid-state transformation” (type B).
(i) In the type A mechanism, the aluminosilicate species are transported through the
liquid phase from the gel to the growing zeolite crystals after nucleation on the gelliquid interface [32] or in solution [33].
(ii) The type B mechanism implies the formation of a hydrous aluminosilicate gel that
acts as a matrix in which zeolite nuclei are formed through internal rearrangements and
grow further through direct transformation of the hydrogel into zeolite material [34].
Alternatively, a combination of the type A and B mechanisms called “autocatalytic
nucleation” was suggested. In this model, the nuclei form inside the gel matrix but only
starts to grow once released in the liquid phase during the dissolution of the gel [35-38].
On the other hand, another approach to classify the mechanisms of crystallization is
based on the identification of where nucleation occurs with respect to the solid and
liquid. Several possibilities have been proposed in the literature:
1. Nucleation inside the gel phase followed by either hydrogel transformation into
polycrystalline aggregates [30] or growth of the nuclei into individual crystals once
released in the solution during gel dissolution [35].
2. Nucleation within a rim from the gel outer surface [39] or at the gel-liquid interface
[32] and subsequent growth in solution.
3. Nucleation and formation of polycrystalline aggregates inside a tertiary amorphous
phase formed by aggregation of the gel (the secondary amorphous phase, as amorphous
raw materials are often used in zeolite synthesis) [29].
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Despite of tremendous efforts undertaken to localize nucleation events, the presence of
the macroscopic gel at the beginning of crystallization renders the task of monitoring
the crystallization process in heterogeneous systems very complex. Therefore, the main
challenge is to understand the development of the first nuclei and the role of the
intermediate phases.
1.4.2. The gel phase
Usually, the synthesis of ZSM-5 zeolite is based on heterogeneous systems with an
amorphous aluminosilicate gel formed by the condensation reactions between silicates
and aluminates catalyzed by the presence of OH- ions. In the systems where the TPA
ion is the structure directing agent, the morphology of the gel has been reported to
ressemble an open dendritic gel structure [38] or worm-like particles (WLP) [29]. On
the one hand, the reported open dendritic gel structure appears glassy without internal
voids in the gel aggregrates and the transformation of the gel into zeolite was
characterized by the absence of visible changes in the gel structure [38]. On the other
hand, the WLP are formed by aggregation of intermediates containing aluminum
species, which play an important role during the aggregation process [29]. In the above
studies, it was observed that a decrease of the silica/alumina ratio leads to the formation
of thicker gel structures [40]. Additionally, no internal structure could be directly
evidenced within the WLP or gel aggregates in both studies.
In general, most of the studies on the crystallization of ZSM-5 in heterogeneous systems
are in agreement that the gel is the source of nutrients for growth of the zeolite crystals
[30-32] or an intermediate phase in a sequence of transformations that leads to the final
product [29].
1.4.3. Morphology of the crystals and aluminum zoning
It is important to control morphology, structure and composition of the crystals, as these
parameters influence the adsorption, diffusion and catalytic properties of zeolites.
Despite the countless conditions and parameters employed for the synthesis of ZSM-5
zeolite, the morphology of the final zeolite crystals can be divided in two main
categories: single crystals and polycrystalline aggregates. The synthesis of ZSM-5
single crystals has aroused great interest because it can be used to gain knowledge on
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adsorption and diffusion processes [41, 42] by understanding the internal structure of
ZSM-5 crystallites [42] and the spatial distribution of elements in the crystals [43].
Specifically, for the use of the ZSM-5 crystals as a catalyst with uniform acidic
properties, a constant Si/Al ratio is required within the crystals. In many cases, single
crystals prepared from TPA systems display aluminum profiles [44]. These profiles
appear in ZSM-5 crystals larger than 0.5 µm and aluminum is often enriched in the
outer shell of the crystals [43, 45, 46], which is referred to as “aluminum zoning”. The
presence of a non-uniform distribution of aluminum has been explained by different
theories:
1) According to the liquid-mediated mechanism proposed by Derouane and Gabelica
[30], nucleation and early growth take place by the consumption of silica-richer species
in solution. Therefore, the crystals grow first at the expense of silicate species in the
solution until depletion. Then, dissolution of the aluminosilicate gel supplies the
nutrients to the growing particles producing an increased aluminum concentration in the
outer layer.
2) ZSM-5 nucleates from silica-rich solution with a homogeneous profile, followed by a
progressive addition of silicon and aluminum released from an Al-rich gel and/or
analcime zeolite formed at the bottom of the reactor after long reaction times [45].
3) Deposition of aluminum on the surface of the crystals during cooling of the synthesis
mixture [43].
4) Aluminum zoning was shown to be related to interactions of the aluminosilicate
species with organic structure-directing agents and alkali ions [46]. However, this study
assumed the direct reaction of the gel nutrients without considering possible
inhomogeneities in the gel phase.
1.5. Zeolite synthesis from natural raw materials
Most of the zeolites are synthetized from chemical grade silica and alumina sources, as
mentioned earlier. However, the use of high purity chemicals increases the costs of
production; therefore, the search of economical alternatives such as natural sources of
aluminosilicate has aroused great interest. Diatomaceous earth and clays minerals such
as kaolin have been used as starting sources of silica and alumina for the synthesis of
8

zeolite. Synthesis pathways from raw materials of interest for this thesis work are
reviewed in the following.
1.5.1. Kaolin as raw material for zeolites
Kaolin is a soft white clay which mainly consists of the mineral "kaolinite". Kaolinite is
a hydrous aluminosilicate with the chemical formula: Al2O3•2SiO2•2H2O. Kaolin is
found in nature, often together with other minerals (illite, bentonite, halloysite,
muscovite, etc). Sometimes, these impurities are finer than the kaolinite and hence it is
difficult to obtain kaolinite in pure form. Although zeolites prepared from natural kaolin
might be contaminated, the costs of production and the high availability of this nonexpensive material makes kaolin an attractive starting material for synthesis of zeolite
[47, 48]. Kaolinite requires a thermal treatment between 550-950 °C in order to obtain a
more reactive material after removal of structural water. The amorphous product after
heat treatment is called metakaolinite. The reaction of this transformation can be
expressed by equation (3) [49]:
Al2Si2O5(OH)4 → Al2Si2O7 + 2 H2O

(3)

The low Si/Al molar ratio of 1 of kaolinite makes it a suitable starting aluminosilicate
source for the preparation of low silica zeolites such as zeolite A [50-52]. However,
medium and high silica zeolites have also been synthetized from kaolinite, e.g. zeolite X
[47, 53], zeolite Y [54] and mordenite [55]. In these cases, either removal of aluminum
or an addition of silica with high solubility was required in order to increase the Si/Al
molar ratio of the synthesis mixture. In the case of zeolite X, decreasing the aluminum
concentration in kaolin has been achieved either by leaching kaolin in a solution of an
inorganic acid such as sulfuric acid [56] or alternatively calcining the kaolin with an
inorganic acid [57].
ZSM-5 zeolite was also prepared from kaolinite by using additional sources of silica
[58, 59] or by removal of aluminum [60, 61]. In these studies, the TPA ion was used as
the SDA. However, TPA compounds are expensive compared with more simple amines
which can also act as SDA. An inexpensive alternative is NBA,which has been reported
to allow the synthesis of ZSM-5 zeolite from kaolin in combination with silica sol as
additional silica source [62].
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1.5.2. Diatomaceous earth-derived zeolites
Diatomaceous earth (also known as diatomite) is a sedimentary deposit and is composed
of fossilized one-celled algae known as diatoms. These sediments consist almost
entirely of amorphous silica and might contain secondary minerals including clays,
quartz, calcite, mica, feldspars, etc. Diatomite is used primarily as a filter agent, cement
additive, filler, and an adsorbent [63]. Diatomite has been investigated as raw material
for the preparation of several zeolites, such as zeolite A [64], Na-P1 and
hydroxysodalite [65], NaY [66] and mordenite [67]. An acid treatment is usually
required to remove the impurities.
On the other hand, ZSM-5 has been synthetized from a mixture of diatomite and
volcanic ashes [68]. Nevertheless, there are a few reports on the preparation of ZSM-5
using only diatomite as silica source [69, 70]. In these studies, TPA-Br and
diethanolamine were used as SDA. However, there were no published studies on the
synthesis of ZSM-5 using diatomite as a single aluminosilica source and NBA as
template at the start of this thesis work.
1.6. Scope of the present work
The aim of the present work was to investigate the synthesis of ZSM-5 crystals from
natural raw materials in combination with sodium hydroxide and inexpensive NBA as
template.
The first part of the work was directed towards the development of methods for the
synthesis of ZSM-5 crystals from two natural raw materials, namely kaolin clay and
diatomaceous earth.
The second part focused on studies of the kaolin system in order to understand the
nucleation and growth processes of the ZSM-5 crystals from a gel. The internal
structure of the gel was first investigated and then, a kinetic study was performed and
coupled with microstructural observations. Finally, the mechanisms leading to
aluminium zoning and dendritical growth of the zeolite crystals were studied.
As a prerequisite to those studies, a methodology to obtain local compositional data by
EDS on zeolites were developed using zeolite A as a model system.
10

2 Experimental
2.1. Preparation of the gel
Kaolin (Riedel de Haen, pro analysis) 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, it 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 diatomite in order to obtain ZSM-5, and consequently, the diatomite
material was not heat treated. It is noteworthy that if the heat treatment of kaolin was
omitted, no zeolite was obtained.
Metakaolin or diatomite was acid leached in a round-bottom flask under reflux
conditions in a thermostated oil bath maintained at 115 °C under strirring in
hydrochloric acid (Merk, pro analysis 37%) with a concentration of 3 M for 2.5 h. The
solid 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. Finally, the resulting solid powder was dried at 110 °C
overnight.
2.2. Hydrothermal synthesis
The synthesis mixtures were prepared by mixing the aluminosilicate sources with
distilled water, NBA (Sigma Aldrich, 99.5%) and NaOH (Sigma Aldrich, reagent grade,
≥98%, anhydrous pellets). 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 diatomite, respectively. The mixtures were aged under
stirring for 24 h at room temperature (RT) and were thereafter hydrothermally heated in
Teflon lined stainless steel autoclaves kept for different times in an oil bath at 165 or
169 °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 resulting
powders were dried at 110 °C overnight and finally calcined at 550 °C for 6 h to remove
the template from the final crystals. Figure 2.1 displays a flowchart for the synthesis and
preparation of ZSM-5 crystals from kaolin and Bolivian diatomite.
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Figure 2.1. Flowchart showing the different steps of the synthesis of ZSM-5 from
kaolin or diatomite.
2.3. Separation of the phases
In order to study the intermediate products as a function of synthesis time in the kaolin
system, the reaction was quenched by flushing the autoclave with tap water with a
temperature of about 8 °C after varying synthesis time.
The supernatant liquid after synthesis was separated from the solid by careful
decantation. The liquid was further passed through a syringe filter with a pore size of
0.2 µm. The solid formed at the bottom of the autoclave was collected and either dried
at room temperature for 48 h (i.e. unwashed) or washed several times with water
directly after synthesis followed by air drying at 60 °C overnight. In addition, in order to
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analyze the remnant solid part after the aging step, the solid was recovered by filtration
on filter paper (Munktell, grade 00H, typical retention 1 - 2 µm). The filter cake was
washed 3 times with distilled water and dried at 60 °C.
2.4. Preparation of thin films by seeded growth
Amorphous carbon wafers (HTW Hochtemperatur-Werkstoffe GmbH, Tierhaupten,
Germany) of 20 × 10 × 1 mm3 were used for seeded growth of zeolite films. The
method for the preparation of silicalite-1 nanocrystals and seeding developed by
Heldund et al. [71] was followed. To summarize, an aqueous solution of a cationic
polymer was used in order to attach the seeds to the carbon wafers. The wafers were
rinsed with a 0.1 M ammonia solution to remove the excess of polymer and seeds,
respectively. In the next step, film growth was performed by placing the seeded wafers
held by a Teflon stand in the synthesis mixture in the autoclave. Three seeded wafers
were assembled as described in Figure 2.2. This special arrangement of the seeded
wafers was used in order to evaluate the effect of physical screening on the outcome of
the growth of the film.

Figure 2.2. Sketch showing the assembly of the cross-sections of the 3 amorphous
carbon wafers.
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2.5. Characterization of the raw materials, intermediates and final products
2.5.1. ICP-SFMS
The overall composition of the solid samples was measured by ICP-SFMS. Prior to the
measurements, the samples of 0.1 g were fused with 0.4 g of LiBO2 and dissolved in
HNO3. On the other hand, the composition of the liquid was analyzed by ICP-SFMS
after dilution of the samples with water by a factor of 100.
2.5.2. XRD
The crystallinity of the washed samples was analyzed by XRD using a PANalytical
Empyrean X-ray Diffractometer equipped with a Cu LFF HR X-ray tube, a graphite
monochromator, and a PIXcel3D detector. The X-ray tube was operated at 40 mA and
45 kV. A 2θ range from 5 to 50º was investigated with a step size of 0.026º. The degree
of crystallinity was calculated by using the area of characteristic peaks of ZSM-5
between 22 and 25° after background removal, as follows by equation (4):
∑
∑

(4)

The standard sample used was ZSM-5 crystals with an average length of 10 μm
synthesized from silicic acid and TPA-OH by following the method reported by Lechert
and Kleinwort [72].
2.5.3. XHR-SEM
The morphology of the solid samples was investigated with extreme high resolution –
scanning electron microscopy (XHR-SEM) using a beam of electrons with a landing
voltage of 1 kV or 3 kV with a bias voltage of -2 or -4 kV using a Magellan 400 (FEI
Company, Eindhoven, the Netherlands) instrument. The samples were not coated with
any conductive coating prior to inspection and recording of images was performed with
a probe current of 6.3 pA. However, depending on the features of interest in the samples
or the required data, the imaging settings were varied. The main settings and special
preparation of the samples are described in the next paragraphs.
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2.5.4. Imaging on polished cross-sections
High resolution imaging using a Through-the-Lens Detector (TLD) was performed by
immersion of the sample in a strong magnetic field and using a probe of electrons at a
landing energy of 3 keV and a current of 6.3 pA. A dedicated backscattered electron
detector in combination with an accelerating voltage of 3 kV and a probe current of 800
pA was employed in order to facilitate the identification of the zeolite crystals by
creating contrast between the gel phase and the crystals on polished cross-sections. In
order to maximize the amount of sample in each field of view, the polished crosssections of the solid product were prepared by embedding pressed pellets of the
pulverized solid in epoxy resin. Polished cross-sections were obtained by mechanical
lapping. All imaging was performed without coating the samples.
2.5.5. Size distribution of the ZSM-5 crystals
The crystal size distribution of the flat tablet-shaped crystals synthesized from
metakaolin was estimated for each synthesis time by manual analysis of SEM pictures.
A population of 580 crystals was measured in order to obtain the final size distribution
after 7 h of synthesis at 169 °C. The size of the three main crystallographic directions of
the MFI structure was measured as shown in Figure 2.3, where a, b and c indicate the
crystallographic directions.

Figure 2.3. Sketch of the flat tablet-shaped crystals with elliptical basis indicating the
three crystallographic directions.
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2.5.6. EDS
Local compositions were determined by EDS on a Merlin SEM (Carl Zeiss,
Oberkochen, Germany) instrument using a 50 mm2 X-Max X-ray detector (Oxford
Instruments, Abingdon, UK). EDS analysis was performed at different acceleration
voltages depending on the investigated material or size of the area of interest.
Specifically, a microinjector was used to introduce nitrogen gas close to the surface of
samples in order to mitigate charging (referred to as charge compensation (CC) below).
Previous to analysis, the EDS system was calibrated on silicon for samples analyzed at
10 kV and below. For higher accelerating voltage, copper was used for calibration. To
validate the method, EDS analysis was carried out at different accelerating voltage and a
current of 1600 pA on zeolite A in the Na and Ca forms. The concentration of Na, Al
and Si was measured with the beam scanning at low magnification (100 times) to avoid
diffusion of Na, while the concentration of Ca was measured locally in 10 individual
crystals.
2.5.7. Si/Al ratio in the walls
In order to determine the Si/Al ratio in the walls of the gel structure without the
contribution of impurities, such as quartz, orthoclase and muscovite, local
measurements at high magnification were required. The measurements were performed
in locations where the sponge-like structure of the gels was the thickest. An acceleration
voltage of 10 kV was found to cause beam penetration beyond the wall thickness of the
gel. Therefore, 7.5 kV was used in order to gain compositional data representative of the
bulk of the gel walls and 3.5 kV for measurement of even shallower regions beneath the
surface. Only data showing no potassium peak in the EDS spectrum were considered, as
it was a sign of the presence of clay platelets or orthoclase. The data were acquired by
collecting 200 000 counts of the X-rays produced during scanning field-of-views of
1142×857 nm2 and 228×171 nm2 (corresponding to 100 000× or 500 000×
magnification, respectively) at the fastest scanning rate available (0.7 ns dwell time) and
at the pixel resolution causing less charging (i.e. 512×384) in order to limit beam
damage.
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2.5.8. Si/Al ratio on cross-sections of the final crystals
The Si/Al ratio on cross-sections of the final crystals was measured using an
acceleration voltage of 3.5 kV. The measurements were performed at the locations
illustrated in Figure 2.4. Distribution of the Si/Al ratio along the average radius from the
center of the flat tablet-shaped crystals with elliptical basis was converted into synthesis
time by using the constant linear growth rates determined in the kinetic study.
29
21
13
30

22

14
15

23
31

5
6
7

28
20
12
4
1
8
16
24
32

27
19
11
3
2
9

10

18

26

17
25
33

Figure 2.4. Schematic distribution of the Si/Al measurements on a cross-section of an
individual flat tablet-shaped crystal sectioned parallel to the [010] zone axis.
2.5.9. HR-TEM
High resolution-transmission electron microscopy investigation was carried out by
using a JEOL JEM-2100F TEM (Jeol Ltd. Tokyo, Japan) at an operating voltage of 200
kV. The samples were prepared by crushing the solid in a mortar and by dispersion in
propanol for 2 min by ultrasonication. Finally, one drop of the suspension was placed
and dried on a holey carbon film supported by a TEM copper grid.
2.5.10. DLS
Dynamic light scattering was performed on the liquid after centrifugation or filtration
through a syringe filter with a porosity of 0.2 µm using a Zetasizer Nano-ZS instrument
(Malvern Instruments Ltd., Worcestershire, U.K.). Both methods produced similar
results.
2.5.11. TG and MS
Thermogravimetry was performed on a STA 449C Jupiter instrument (NetzschGerätebau, GmbH, Selb, Germany) coupled with a Netzsch Aeolos QMS 403C mass
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spectrometer. Samples were placed in an alumina crucible and heated from room
temperature to 700 °C at heating rate of 10 °C/min in helium atmosphere.
2.5.12. Nitrogen adsorption
Nitrogen adsorption-desorption data were recorded with an ASAP 2010 equipment from
Micromeritics to estimate the surface area using the BET equation, total pore volume
and micropore volume of the raw materials and products. In the case of the washed gel
walls, the equivalent spherical particle diameter d in nanometer was calculated from the
surface area using the equation d = 6000/(BET surface area in m2/g) × (density in
g/cm3). The density of Na2SiO3 (i.e. 2.4 g/cm3) was assumed.
2.6. Determination of the nucleation rate
Zeolites usually grow at a constant linear growth rate, which is independent of crystal
size [35, 73]. Taking advantage of this feature of zeolite crystallization, Zhdanov [19]
developed a method to determine the variation of the nucleation rate as a function of
synthesis time. The first step is to determine the linear crystal growth rates by simply
measuring the largest crystals observed at various time intervals during crystallization.
Subsequently, the full size distribution of the final crystals is converted into a nucleation
curve. The calculation consists of the following steps:
1) The approximate time of nucleation (ti) of a crystal with a length (Li) is determined
by using the constant linear growth rate, which can be expressed as:
(5)
where
(

is the slope of the linear part of the growth curve of the largest crystals
. If the crystallization system presents an induction period defined as (

considering the size difference

and

, then the linear growth equation can be

written as:
(6)

∫

By rearranging (6), the expression for the time of nucleation (ti) becomes:
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(7)
2) This process was repeated for all the size classes present in the size distribution of the
final crystals.
3) If ni crystals of length Li are present at time ti, then the fraction of crystals ( ) can be
expressed as:
⁄

(8)

where N is the total number of crystals.
4) If the fraction of crystals which nucleate at time ti is
nucleate at time ti+L is

i+L

i

and the fraction which

then:
(9)

5) Finally, the nucleation rate

might be expressed as the sum of these

increments by:
(10)

∑
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3 Results and Discussion
3.1. Validation of EDS as a tool for studying aluminosilicates (Paper I)
Zeolite A was used as a model system with a well-defined composition and analyzed by
EDS. The diffractogram of the commercial zeolite A powder (Akzo Nobel) that was
used is presented in Figure 3.1(a). No signal from amorphous material or other
crystalline phases than zeolite A were observed. Figure 3.1.(b) shows a SEM
micrograph of typical crystals exhibiting the cubic morphology of zeolite A. Hence, the
investigated zeolite A powder was almost free of extraneous phases.

Figure 3.1. Commercial zeolite A powder: (a) XRD diffractogram (pattern reference
[74]); (b) SEM micrograph.
The molar Si/Al and Na/Al ratios in the commercial zeolite A powder were close to 1
according to technical specifications. These values served as a basis to evaluate the
main experimental parameters affecting the outcome of the EDS analysis.
Effect of overvoltage
Figures 3.2 and 3.3 show the molar Si/Al and Na/Al ratios determined by EDS as a
function of acceleration voltage at low and high magnification, respectively. Stable
values close to 1 were obtained at high voltages. However, the Si/Al ratio steadily
increases (Fig.3.2.(a) and Fig.3.3.(a)), while the Na/Al ratio decreases (Fig.3.2.(b) and
Fig.3.3.(b)), as the acceleration voltage was reduced below 5 kV. Considering that the
Kα lines for Si, Al and Na are 1.739, 1.486 and 1.041 keV, respectively, a decreasing
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Si/Al ratio with decreasing voltage would have been expected according to the
overvoltage necessary to create maximum X-ray generation in the sample. Nevertheless,
these results show that a minimum acceleration voltage of 3.5 kV can be used in order
to gain representative data with limited beam penetration.

Figure 3.2. Molar ratios as a function of acceleration voltage at 100 × magnification:
(a) Si/Al; (b) Na/Al.

Figure 3.3. Molar ratios as a function of acceleration voltage at 250 000 ×
magnification: (a) Si/Al; (b) Na/Al.
Effect of charge compensation (CC) and magnification
Charge compensation was investigated as a tool in order to prevent Na diffusion at high
dose level. Figure 3.4 illustrates the effect of CC on the molar Si/Al and Na/Al ratios as
a function of magnification at an acceleration voltage of 10 kV. CC and magnification
had no influence on the Si/Al ratio, which was constant for all investigated conditions.
However, the Na/Al ratio deviates heavily from 1 at high magnification. In this respect,
CC was found to prevent the diffusion of Na at higher levels of magnification. Reliable
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values of the Na/Al ratio could be obtained at magnifications up to 50 000 × with CC
(Fig.3.4(a)) instead of only 10 000 × without CC (Fig.3.4(b)).

Figure 3.4. Molar Si/Al and Na/Al ratios as a function of magnification at 10 kV, 200
pA and 200 000 counts in total: (a) with CC; (b) without CC.
Validation
In order to evaluate the reliability of the measurements, ICP-SFMS and EDS data at 10
kV were compared, see Table 3.1. The molar Si/Al ratio determined by ICP-SFMS
shows values ranging from 0.94 to 0.98. Therefore, this method underestimates the
Si/Al ratio which is obviously not possible according to the Löwenstein’s rule that states
that the minimum Si/Al ratio cannot be lower than 1. The measurements by EDS
display higher reproducibility, but slightly overestimates the Si/Al ratio if it is assumed
that the correct ratio is 1.0. Interestingly, the samples investigated by EDS showed
(Na+2Ca)/Al ratios very close to 1. 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 brings too much uncertainty on the
elements present in large amounts.
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Table 3.1. Compositional ratios in the commercial zeolite A determined by EDS and
ICP-SFMS.
Ion
exchange
Na

Method
EDS

Ca*
Na
Ca

ICP

Measurement

Si/Al

Na/Al

2Ca/Al

10

1.03±0.01

0.99±0.01

n.d.

(Na+2Ca)/
Al
0.99

1
1
2
3

1.04±0.01
0.94
0.89
0.98

0.10±0.01
0.91
0.83
0.91

0.88±0.03
n.d.
n.d.
n.d.

0.98
0.91
0.83
0.91

1
2

0.95
0.92

0.10
0.09

0.88
0.86

0.98
0.95

n.d. (non detected)
* Measured locally in 10 individual crystals by point analysis

3.2. Characterization of the starting materials (Paper II)
Figure 3.5 shows X-ray diffractograms of the raw aluminosilicates and dealuminated
counterparts. Kaolin contains mostly kaolinite but also traces of quartz and muscovite.
Kaolin was converted to mostly amorphous material with small amounts of muscovite
and quartz after calcination and leaching. On the other hand, the diffractogram of raw
diatomite shows the occurrence of NaCl, muscovite, albite and quartz in addition to
amorphous material. After acid treatment and subsequent washing, the amorphous
material remained and NaCl was removed, but the other minor constituents were still
present (muscovite, albite and quartz).

Figure 3.5. XRD diffractograms of the raw materials and acid-leached materials.
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Raw kaolin and diatomite had Si/Al ratios of 1.1 and 7.5, respectively. As shown in
Table 3.2, this ratio was successfully increased by acid leaching to 16.5 and 22.0 for
kaolin and diatomite, respectively. Acid leaching also reduced significantly the
concentration of impurities in both materials.
Table 3.2. Compositions (in mole %) of kaolin, diatomite, leached metakaolin, and
leached diatomite determined by ICP-SFMS.
Sample
Kaolin
Leached metakaolin
Diatomite
Leached diatomite

SiO2
67.7
95.9
78.8
96.4

Al2O3
30.1
2.92
5.22
2.17

CaO
0.15
0.12
4.44
0.49

Fe2O3
0.37
0.16
0.22
0.06

K2O MgO Na2O Si/Al
1.13 0.59 0.16
1.1
0.6 0.19 0.08 16.5
1.29 3.3
6.78
7.5
0.33 0.19 0.35 22.0

SEM images of the raw and leached materials are shown in Figure 3.6. Kaolin was
composed of stacks of platelets with hexagonal symmetry (Fig.3.6(a)) and leached
metakaolin (Fig.3.6(b)) had a very similar morphology. On the other hand, raw
diatomite (Fig.3.6(d)) exhibited large particles with typical shapes of diatomaceous
biogenic sediments. During the acid treatment, diatomite particles were partially broken
in smaller pieces by the mechanical action of stirring (Fig.3.6(e)).
Leaching of metakaolin caused the formation of micropores [60, 61] and an increase of
the surface area from 12 to 288 m2/g, as shown in Table 3.3. Leaching of diatomite only
caused a slight increase in specific surface area from 38 to 55 m2/g (see Table 3.3).
Table 3.3. Surface area and pore volumes derived from nitrogen adsorption data for the
raw and leached materials.

Sample
Kaolin
Leached Metakaolin
Diatomite
Leached Diatomite

BET surface
area (m2/g)
12
288
38
55

25

Total Pore
Volume (cm3/g)
0.058
0.24
0.093
0.11

Micropore
Volume (cm3/g)
0.004
0.089
0.003
0.006

Figure 3.6. SEM images of: (a) kaolin, (b) leached metakaolin, (c) solid part of leached
metakaolin after aging, (d) diatomite, (e) leached diatomite and (f) solid part of leached
diatomite after aging.
3.3. Preparation of ZSM-5 from kaolin and diatomite (Paper II)
The evolution of XRD crystallinity of ZSM-5 crystals as a function of synthesis time is
showed in Figure 3.7.
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Figure 3.7. Crystallinity as a function of time of the reaction products prepared from:
(a) leached metakaolin; (b) leached diatomite.
The maximum crystallinity for the samples prepared from leached metakaolin is
reached after synthesis times between 9 and 12 h before decreasing for prolonged
hydrothermal treatment when leached metakaolin was used (Fig.3.7(a)). In contrast, if
leached diatomite was the starting material, a maximum crystallinity was obtained for
12 h of synthesis (Fig.3.7(b)).
In order to explain the difference in induction period between the two systems, the
liquid phases and the particles of the solid phases resulting after the aging period and
before hydrothermal treatment were studied. After filtration, 26 and 80 wt% of the
original solid material remained from the aged synthesis mixtures prepared from
leached metakaolin and leached diatomite, respectively. The mixture prepared from
leached metakaolin contained a liquid phase rich in silica (Si/Al ratio ~ 200-400) and
the solid phase exhibited a Si/Al ratio of 3.8 with the presence of platelets (probably,
undigested muscovite or other materials that did not become microporous), see figure
Fig.3.6(c). On the other hand, it was still possible to observe particles with typical
morphology of fossilized diatomites in the synthesis mixture derived from diatomite
after aging as illustrated in Fig.3.6(f). These observations suggest that the shorter
induction time in the metakaolin system is related to the more complete dissolution of
the microporous silica after aging.
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Figure 3.8 displays the diffractograms of the final products obtained from both types of
raw materials after 12 h of synthesis. The main characteristic peaks correspond to the
MFI structure. Peaks of quartz being similar and same order of magnitude as in the
leached materials were also present intensity in both samples. However, the product
obtained from diatomite displayed X-ray reflections of mordenite, approximately 5% of
the intensity of the main peak of ZSM-5. The molar composition of the final products
after 12 h of synthesis is presented in Table 3.4. The average Si/Al ratio was 11.5 and
20.0 for the products obtained from leached metakaolin and diatomite, respectively.
From these data, the products could be considered as quite pure ZSM-5 with traces of
mordenite formed during synthesis and of quartz remaining from the raw material.
Table 3.4. Molar composition of the ZSM-5 products by ICP-SFMS.
Sample
ZSM-5 (Kaolin)
ZSM-5 (Diatomite)

SiO2 Al2O3 CaO Fe2O3 K2O MgO
94
96

4.15
2.40

0.10
0.63

0.18
0.07

0.65
0.30

0.22
0.23

Na2O Si/Al
0.65
0.37

11.5
20.0

Figure 3.8. XRD diffractograms of the products obtained after 12 h of synthesis from:
(a) leached diatomite; (b) leached metakaolin.
Figure 3.9 shows the morphology of the products as determined by SEM. Synthesis
from leached metakaolin resulted in the formation of flat tablet-shaped ZSM-5 crystals
with a diameter of 5-6 µm, but also some smaller particles, as shown in Fig.3.9(a). In
contrast, the ZSM-5 crystals obtained from leached diatomite were rounded with an
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average diameter around 7-8 µm and an aspect ratio close to 1 (Fig.3.9 (b)). This sample
also contained smaller particles and particularly small slabs as those encircled in
Fig.3.9(b), which were attributed to mordenite.

Figure 3.9. SEM images of ZSM-5 crystals from the leached raw materials: (a) kaolin;
(b) diatomite.
Although induction time was longer, the maximum crystallinity was slightly higher for
samples prepared from diatomite than from kaolin and amounted to 93 and 87%,
respectively, as shown in Fig.3.7. By a normalization of the BET specific surface area
and total micropore volume data with respect to the ZSM-5 standard sample also used
for determining crystallinity by XRD, therefore, the crystallinity of the reaction product
obtained from kaolin is in good agreement with surface area values given in Table 3.5
with a specific surface area of 82% of that of the standard sample. 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 diatomite-derived product, 96 and 82% respectively, are higher than what might
have been expected from the XRD crystallinity value (93%) in comparison to kaolin.
This can be attributed to the presence of mordenite as a by-product in addition to nonmicroporous materials.
It was not possible to prevent the formation of mordenite by further optimization of the
synthesis parameters. Instead, formation of mordenite occurred randomly, probably due
to the variability of the diatomite raw material. Calcium was found to be concentrated in
the mordenite crystals as revealed by the comparison of the EDS spectra between
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uncalcined ZSM-5 (Fig.3.10(a)) and mordenite (Fig.3.10(b)) crystals. Therefore, the
higher calcium content in leached diatomite as compared to leached kaolin probably
favored the formation of mordenite.
Table 3.5. Surface area and pore volumes derived from nitrogen adsorption data for the
final products and standard sample.

Sample
ZSM-5 (Kaolin)
ZSM-5 (Diatomite)
ZSM-5 standard

BET surface
area (m2/g)
255 (82%)
298 (96%)
310

Total Pore
Volume (cm3/g)
0.17
0.15
0.15

Micropore
Volume (cm3/g)
0.082 (68%)
0.098 (82%)
0.12

Figure 3.10. EDS spectra of crystals in the final product obtained from leached
diatomite after 12 h of synthesis: (a) ZSM-5; (b) mordenite.
The BET specific surface area obtained in this work for the ZSM-5 sample prepared
from leached diatomite (298 m2/g) is comparable with that obtained in the study by
Sang et al.[14] (294 m2/g), who employed water glass and aluminum sulfate as Si and
Al sources, respectively. Therefore, Bolivian diatomite 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, diatomite does not require heat treatment at high temperature for
metakaolinization.
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3.4. Aging of leached metakaolin (Paper III)
After 24 h of aging of the reaction mixture prepared from leached metakaolin at room
temperature, the liquid phase was rich in Si with a molar Si/Al ratio as high as 588
(Table 3.6). This was associated to the dissolution of the leached metakaolin under the
prevailing alkaline conditions. Consequently, approximately 84% of the Si present in
the leached metakaolin was transferred to the liquid phase. In addition, the liquid was
very rich in Na, as it contained 98% of the total amount of Na. In contrast, only 2% of
the introduced Al was found in the liquid phase. Consequently, the majority of the Al
was present in the solid phase, which exhibited a molar Si/Al ratio of 2.5.
Table 3.6. Molar Si/Al and Na/Al ratios of the solid components and liquid.
Leached metakaolin Impurities Liquid

a

Si/Al

16a

2.5a

588a

Na/Al

0.12a

0.13a

247a

Gel 1
Gel 1
unwashed washed
20b
13b
6.5c

1.2c

determined by ICP-SFMS; b determined by EDS; c determined by combination of EDS

and ICP-SFMS

Figure 3.11. XRD diffractogram (a) and SEM image (b) platelets of muscovite at high
magnification.
The remnant solid was found by XRD to consist of impurities present in natural kaolin,
such as quartz, muscovite and orthoclase as shown in Fig.3.11(a). Therefore, the solid
material after aging was comprised of agglomerated particles, mostly consisting of
muscovite clay platelets as shown in the SEM micrograph in Fig.3.11(b). Consequently,
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the presence of muscovite and orthoclase was responsible for the low Si/Al ratio of 2.5
of the solid recovered after aging reported in Table 3.6. These compounds are hereafter
referred to as impurities.
3.5. Structure of the gel (Paper III)
Heating of the aged reaction mixture at 169 °C caused the formation of a gel mass
within the first two hours. Photographs of the gel mass obtained after 2 h of synthesis
before and after drying are shown in Figure 3.12.

Figure 3.12. Gel mass recovered after 2 h of synthesis: (a) after quenching of the
autoclave; (b) after drying at room temperature for 48 h.
Figure 3.13 shows a sketch of the gel mass that exhibited constant shape and size
between 2 and 4 h of synthesis. It consisted of a main white opaque part (Gel 1) that
was covered by a thin translucent layer on the top (Gel 2). Crystallization of the NBAZSM-5 single crystals was observed to occur in Gel 1 only.

Figure 3.13. Sketch of the gel mass observed between 2 and 4 h.
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3.5.1. Crystallization stages with respect to gel evolution (Paper III)
According to the macroscopic observations of the evolution of the gel mass during the
course of synthesis, the curve of the XRD crystallinity of ZSM-5 shown in Figure
3.14(a) was divided into four stages:


Stage I: apparent induction period (from 0 to 2 h) corresponding to the
formation of the gel mass.



Stage II: crystallization with intact gel mass (from 2 to 4 h).



Stage III: crystallization after collapse of the gel mass (from 5 to 6 h).



Stage IV: complete disappearance of the gel and ripening (after 6 h).

Figure 3.14. Evolution as a function of synthesis time of: (a) ZSM-5 crystallinity, (b)
silicon, (c) sodium, (d) aluminum concentrations in the liquid phase, (e) diameter of the
particles present in liquid phase, (f) pH, (g) minimum diameter of the gel walls
(*measurements performed on small fragments of the gel), (h) BET surface area of the
washed solid phase.
3.5.2. Formation of the gel (Paper III)
Between 0 and 2 h (Stage I), the formation of the gel mass occurs along with decreasing
concentrations of Si and Na in solution, as shown in Fig.3.14(b) and Fig.3.14(c),
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respectively. This shows that Si and Na precipate from solution, which results in the
formation of the gel. Complemmentarily, the aluminum in the liquid phase which is
most likely present as monomeric aluminate anions (Al(OH)4) provided by rapid
dissolution of parts of the impurities in the raw material upon heating probably reacted
during the first hour with larger silicate oligomers as suggested in literature [75]. This is
demonstrated by the decrease in average diameter measured by DLS between 0 and 1 h
(Fig.3.14(e)) and corroborated by the sharp increase in pH of the liquid between 0 and
0.5h (Fig.3.14(f)) caused by the release of [OH-] ions to the solution during
condensation of the silica oligomers according to the following reaction:
≡SiO- + HO-Si≡ ↔ ≡Si-O-Si≡ + OH-

(11)

Subsequently, during the second hour of synthesis, more Na and Si in the form of
shorter silicate oligomers were precipitated from the solution and integrated to the gel,
as shown by the decrease of the concentrations in Si and Na between 1 and 2 h in
Fig.3.14(b) and Fig.3.14(c), respectively.
During stage II and III of the crystallization process, Na was continuously released from
the gel to the liquid phase and the concentration of Na in the liquid phase (Fig.3.14(c))
followed relatively well the evolution of the XRD crystallinity curve over time
(Fig.3.14(a)). On the other hand, Fig.3.14(b) suggests that the concentration of silicon in
the liquid phase was relatively constant during the crystallization process. The slight
increase at the beginning of stage III is believed to be due to the dissolution of the
translucent gel part (Gel 2 in Fig.3.13) after the collapse of the main part of the gel mass
(Gel 1 in Fig.3.13). This is corroborated by the detection of larger oligomers during
stage III and IV by DLS (Fig.3.14(e)) and the decrease of pH at the transition stage
II/III, whereas an increase of pH is characteristic of zeolite crystallization, as previously
demonstrated in the literature [76], [77].
3.5.3. Structure of the gel after drying (Paper III)
After 2 h of synthesis, the dried Gel 1 (Fig.3.13) was found to consist of a sponge-like
structure with cell walls exhibiting a minimum diameter in the range of 250 nm, as
shown in Figure 3.15. It is noteworthy that beyond 2 h, no further growth of the cell
walls was observed at longer synthesis times, as shown in Fig.3.14(g). Therefore, the
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gel mass did not grow after 2 h. The morphology of the gel walls resembled the open
dendritic gel structure and the worm-like particles (WLP) reported by Valtchev [38] and
Subotić [29], respectively.

Figure 3.15. Scanning electron micrographs showing the spongeous structure inside
Gel 1 after 2 h in different regions: (a) in the center; (b) close to the outer surface of the
gel mass.
As Gel 1 had a sponge-like structure, a majority of the liquid phase was driven off to the
outer surface during drying without washing. Figure 3.15(a) displays an area from the
center of Gel 1 free of appreciable amounts of recrystallized and precipitated species
around the gel walls. In contrast, the gel in regions close to the outer surface of the gel
was covered with precipitated species after drying, as shown in Fig.3.15(b). Therefore,
XHR-SEM imaging and EDS measurements were performed on material issued from
the region close to the center, in order to obtain reliable results without contribution
from the liquid phase.
In the XHR-SEM images of a fracture surface of the gel walls in Fig.3.16(a-b), the
walls appear quite compact with only a minor observable porosity throughout the crosssection and the walls exhibit a granular character. However, it is possible that very small
pores still exist between the granules, as the resolution of the instrument is limited to
about 1 nm.
The presence of clay and mineral impurities rendered the acquisition of reliable EDS
data on the gel composition difficult. Therefore, only data showing no potassium peak
in the EDS spectrum were considered, as it was a sign of the presence of clay platelets
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or orthoclase. Accordingly, the gel walls were found to exhibit Si/Al and Na/Al molar
ratios of 20 and 6.5, respectively (see Table 3.6).

Figure 3.16. XHR-SEM images showing fracture surfaces of: (a-b) the unwashed gel
walls at low (a) and high (b) magnification; (c-d) the washed gel walls at low (c) and
high (d) magnification.
3.5.4. Effect of washing (Paper III)
The gel remaining after completed synthesis collapsed after washing and the final solid
consisted of fragments of the sponge-like structure after drying. After 2 h, the washed
fragments were observed to be quite porous by electron microscopy. Figure 3.16(c)
shows a XHR-SEM image of the fracture surface of a washed gel fragment. The gel
walls were clearly porous and the granular character was striking. These results were
confirmed by HR-TEM. As shown in Fig.3.17(a) and Fig.3.17(b), the HR-TEM image
of a cross-section of a washed gel fragment after 2 h reveals the granular character of
the internal structure of the gel formed by nanosized grains < 10 nm. On the contrary,
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no particular internal structure could be observed inside the gel without washing, as
shown in Fig.3.16(c) and Fig.3.16(d).
In addition, the Si/Al and Na/Al ratio in the gel walls were found to decrease to 13 and
1.2, respectively, after washing (see Table 3.6). Therefore, a rather continuous silicaterich phase must have been present inside the unwashed gel walls after drying in order to
mask the internal porosity revealed after washing. A constant Si/Al ratio of 13 was in
fact obtained in the gel walls recovered after all synthesis times investigated between 2
and 5 h (see Table 3.7). As the gel walls retained their size after washing as well as in
the remaining gel fragments after the collapse of the gel mass, it can be concluded that
the gel walls consist of a skeleton of granular particles with low solubility in water.

Figure 3.17. Cross-sections of the gel obtained after 2 h: (a) after direct washing (3),
(b) area corresponding to the delineated area in (a), (c) without washing, (d) area
corresponding to the delineated area in (c). The arrow indicates the presence of small
clay platelets on the surface of the gel after drying.
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Table 3.7. Evolution of the Si/Al ratio in the washed gel determined by EDS.
Time (h)
Si/Al

2

3

4

5

13.2 13.4 13.8 12.1

Average
12.9

This mesoporous skeleton was responsible for the high BET specific surface area of 357
m2/g measured for 2 h of synthesis after washing (Fig.3.14(h)), which corresponds to a
comparable equivalent particle diameter of 7 nm in agreement with Fig.3.16(d) and
Fig.3.17(b).
Additionally, the internal mesoporous skeleton of nanoparticles evidenced after washing
is rich in aluminium with a Si/Al molar ratio of 13 in comparison to the unwashed gel
with a ratio of 20. Hence, it probably started to form during the complexation of the
aluminate ions released by the impurities and the large silicate oligomers present in
solution in the beginning of synthesis. The high BET specific surface area measured
after 1 h is comparable to that found for 2 h (Fig.3.14(h)) and therefore suggests that the
nanoparticles were already formed at this early stage, even though the gel walls
increased dramatically in size the following hour, after which the thickness of the gel
walls stabilized (Fig.3.14(g)). Therefore, the continuous water-soluble silicate-rich
phase hiding the internal porosity of the gel walls after drying most probably comprise a
matrix of soft matter formed by shorter oligomers between 1 and 2 h. As a matter of
fact, material left by the liquid inside the gel walls during drying can be ruled out, since
there were no direct traces of the dried liquid around the gel walls in the investigated
region of the dried solid mass as observed by XHR-SEM. Moreover, it is improbable
that the liquid was sufficiently concentrated in silicate to completely fill the internal
porosity of the gel walls with dry solid that it should have occupied before drying and to
cause an increase of the Si/Al ratio from 13 to 20. Consequently, it was concluded that
the gel had a biphasic structure and consists of a mesoporous skeleton of nanoparticles
forming a spongeous network inside a silicate-rich matrix of soft matter, as depicted in
Fig.3.18.
Interestingly, a core-shell structure for the final gel aggregates in a system leading
zeolite A has been proposed on the principle that aluminate ions react first and rapidly
with the silicate oligomers [78]. In this model, an Al-rich core is expected in the center
of the gel walls. The present work demonstrates for the first time, that this type of
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compositional inhomogeneity exists also in gels leading to the formation of ZSM-5.
However, the expected gradient Si/Al in the gel structure is not at the scale of the gel
walls, but at a scale below 10 nm. It stems from a mesoporous skeleton of nanoparticles
embedded in a silicate-rich matrix of soft matter.

Figure 3.18. Sketch of a cross-section of the gel walls showing the biphasic internal
structure.
3.6. Zeolite crystallization (Paper IV)
Figure 3.19(a) shows the morphology of a ZSM-5 crystal after completion of synthesis
after 6 h of synthesis time. Interestingly, growing ZSM-5 crystals were identified by
XHR-SEM in certain parts of the gel already after 2 h of synthesis time (Fig.3.19(b)),
even though no crystallinity was observed by XRD (Fig.3.19(d)). As shown in
Fig.3.19(c), an individual crystal (region 1 in Fig.3.19(b)) could be identified by its
typical morphology and also by EDS from the high signals related to carbon and
nitrogen due to the presence of NBA in contrast to the gel (region 2 in Fig.3.19(b)). No
C and N from NBA is detected in the gel because it might have evaporated during
drying before it was analyzed in the SEM. NBA has a boiling point of only 77 °C and is
easier to remove from the gel than water. On the contrary, the NBA molecules remain in
the zeolite pores even after drying, where they are held strongly at the acid sites.
It should be noted that flat facets of the final tablet-like crystals, representing the (010)
plane, are already present in the growing crystal shown in Fig.3.19(b). However, the
overall shape of the crystal is not symmetric and the surface is highly irregular due to
the presence of asperities. Considering the morphology of the crystals encountered after
2 h, it cannot be determined wether the crystals first grow inside or around the gel walls.
In order to gather more information, a kinetic study coupled with microstructural
observations was carried out.
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Figure 3.19. Scanning electron micrographs showing: (a) a final flat tablet-shaped
crystal; (b) a typical crystal found among the gel network after 2 h of synthesis time; (c)
EDS spectra of the crystal (region 1) and the surrounding gel (region 2) labeled in (b);
(d) XRD diffractograms showing the evolution of crystallinity in the mixture prepared
from kaolin after different synthesis times.
3.6.1. Kinetic study (Paper IV)
The exponential function of equation (2) was fitted to the XRD crystallinity curve to
estimate the end of crystallization, see Fig.3.20(a). The fitted value for n is 3.7 and the
time for complete crystallization is 6.1 h.
The length in the three crystallographic directions a, b and c of the flat tablet-shaped
crystals in the final product were determined from SEM pictures. The distribution in
length in the c-direction of crystals recovered after 7 h of synthesis is shown in Figure
3.21. The distributions in the other two directions showed similar shapes close to a
normal distribution.
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Figure 3.20. Evolution as a function of synthesis time of: (a) ZSM-5 crystallinity: (■)
experimental data, () exponential fit; (b) nucleation rate; (c) minimum thickness of
the gel walls.

Figure 3.21. Final size distribution in length in the c-direction of the ZSM-5 crystals
after 7 h.
The evolution of the size of the largest flat tablet-shaped crystals for the different
crystallographic directions is presented in Figure 3.22. A first estimation of the constant
linear growth rate was determined considering an extrapolation to zero size, this method
yielded a nucleation time close to a few minutes, which is not really realistic
considering that the heating rate inside the autoclave (Fig.3.23). The heating curve
shows that it takes 0.9 h to reach synthesis temperature. Since growth rate is known to
be temperature dependent, growth during the first 0.9 hour cannot occur at the same rate
as that achieved at maximum temperature. Accounting for the effect of temperature
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would lead to “negative” times for the onset of crystallization. This type of
inconsistency is usually explained by the difficulty to really find the largest crystals in a
sample [73]. In order to tackle this issue, only two points were considered for
extrapolation of the onset of crystallization. The first point was the maximum crystal
size observed at any time after completion of crystal growth. This maximum size was
considered to be reached exactly at synthesis completion, i.e. 6.1 h. The second point
was the maximum crystal size reached after 2 h, since the only crystals that can be
found at this stage are the largest crystals. Therefore, linear extrapolation to zero size,
i.e. the onset of crystallization, results in an average time of 38 min or 0.63 h (see Table
3.8). This represents a temperature of 162 °C, i.e. 96% of the synthesis dwell
temperature as shown in Fig.3.23. The linear growth rates in the three crystallographic
directions are also given in Table 3.8.

Figure 3.22. Size evolution of the largest crystals in the different crystallographic
directions.
Table 3.8. Onset of crystallization and linear growth rate in the different
crystallographic directions.

a (width)
b (thickness)
c (length)
Average

Onset of crystallization (min)
39
33
41
38
42

Linear growth rate (µm/h)
0.34
0.23
0.40

Figure 3.23. Heating curve inside the autoclave for an oil bath temperature of 169 °C
using water or low-viscosity oil inside the autoclave.
It is possible to derive the nucleation rate as a function of time from the final size
distribution by assuming a constant growth rate independent of crystal size (see
Fig.3.21). The resulting nucleation rate curve is shown in Fig.3.20(b). Maximum
nucleation rate is observed between 1.5 and 2 h of synthesis time. The minimum
thickness of the gel walls as a function of synthesis time is shown in Fig.3.20(c). A
comparison between Fig.3.20(b) and Fig.3.20(c) suggests that it is evident that most of
the nucleation occurred during the formation of the gel and the intensive growth of the
gel walls.
3.6.2. Microstructural study (Paper IV)
After 2 h of synthesis, most of the crystals have already nucleated. Hence, it was
remarkable that only a few crystals corresponding to the largest crystals of the
population could be observed by SEM of the outer surface of the gel network as in
Fig.3.19(b). Therefore, cross-sections of the dried gel material after completion of gel
growth were examined. Profiles of ZSM-5 crystals fully or partially embedded inside
the gel phase were observed (Fig.3.24(a)). This strongly suggests that the smaller
crystals are fully embedded inside the matrix when the gel formation is complete after 2
h. However, no straight conclusion can be drawn as only two-dimensional profiles are
observed in the cross-sections and not the full volume of the crystals. Nevertheless, this
possibility was supported by the observed complete entrapment of the quartz and
orthoclase particles. These compounds could be detected by XRD and only be observed
by SEM on polished cross-sections as shown by the white arrows in Fig.3.24(b). In
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contrast, the muscovite clay platelets were not incorporated into the gel as indicated by
the dashed arrows. These observations suggest that the gel precipitates on ZSM-5
crystals, quartz and orthoclase, but not on muscovite.

Figure 3.24. Scanning electron micrographs on a polished cross-section of the gel after
2 h revealing: (a) the profile of a ZSM-5 crystal embedded in the gel; (b) the presence of
mineral particles trapped inside the gel, white arrows: orthoclase/quartz, dashed
arrows: muscovite clay.
After 3 h of synthesis, numerous crystals are visible and still connected to the gel
network. Figures 3.25(a) and 3.25(b) show an examination on cross-sections of flat
tablet-shaped crystals synthesized for 3 h. In Fig.3.25(a), a cross-section close to
parallel to the b-direction shows a rectangular crystal with flat facets as long sides and
irregular convex short sides due to the asperities observed in Fig.3.19(b). In the crosssection perpendicular to the b-direction shown in Fig.3.25(b), the crystal exhibit profiles
close to ellipsoids with an irregular circumference created by the surface asperities.
Interestingly, cross-sections running through the zones of contact between crystals and
the gel reveal concave surfaces, as indicated by the arrows in Fig.3.25(c) and
Fig.3.25(d). These observations show that contacts with the gel undoubtedly retard
crystal growth. It should be noted that the embedded parts of the crystals were often
found to exhibit straight and smooth facets, as shown in Fig.3.25(e). This observation
was confirmed by dissolution of the gel by a 1 M ammonia solution. Partial removal of
the gel revealed that the twinned crystals shown in Fig.3.25(f) possessed surfaces
without asperities inside the gel. These smoother surfaces indicate slow growth of
crystals inside the gel or earlier growth in the solution with subsequent entrapment in
the growing gel.
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Figure 3.25. SEM images of: (a-e) cross sections of gel and crystals after 3 h of
synthesis showing: typical cross-sections of crystals with fully developed shape, (a)
parallel and (b) perpendicular to the thickness direction; cross-sections of crystals with
zones of contact with the gel, (c) parallel and (d) perpendicular to the thickness
direction; The pair of arrows indicates concave surfaces and point at the interface
gel/crystal regions close to the solution; (e) cross-section of a crystal partially embedded
inside the gel. (f) ZSM-5 crystal after 2 h and partial dissolution of the gel by a 1 M
ammonia solution.
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3.6.3. Thermogravimetric study (Paper IV)
The presence of NBA inside the gel after 2 h and in the final ZSM-5 crystals was
investigated by thermal gravimetry and mass spectrometry (Fig.3.26), in order to
investigate the possibility of growth inside the gel by direct gel transformation.

Figure 3.26. (a) Thermal gravimetric measurements on the gel after 2 h and the final
crystals. (b-c) DTG: corresponding first derivatives of the TG curves shown in (a) and
mass spectrometry results for: (b) crystals; (c) gel.
Figure 3.26(a) shows the crystals lost 7.9 wt% with two main weight loss events, which
were found to coincide with the increase of ion masses 73 and 12 in Fig.3.26(b). The
corresponding peak of the 1st derivative of the weight loss at about 200 °C (DTG in
Fig.3.26(b)) corresponds to removal of adsorbed NBA from the zeolite pores and the
second at about 470 °C to the decomposition of protonated n-butylamine (NBAH+) [79],
presumably adsorbed at the acid sites of the zeolite. In comparison, the gel was found to
lose 10.4 wt% upon heating to 700 °C (Fig.3.26(a)). This weight loss was characterized
by a marked evolution of water below 200 °C (ion mass 18, Fig.3.26(c)) and air in the
entire investigated temperature range (ion mass 32, other air related ion fragments not
shown here). However, no NBA (ion mass 73) or carbon (ion mass 12) was detected as
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shown in Fig.3.26(c) in contrast to the zeolite crystals. Because the boiling point of
NBA is 77 C, all NBA must have evaporated during drying of the gel at room
temperature. This furthermore indicates that the concentration of acid sites in the gel is
low. However, it seems highly unlikely that the non-dried gel is free from NBA, since
NBA is water-soluble and silica gels are hydrophilic and porous.
3.6.4. Nucleation and growth mechanisms (Paper IV)
In the studied system, a configuration of crystals entrapped inside the gel can only be
explained by two nucleation and growth mechanisms:
1) Nucleation and growth inside the gel.
2) Nucleation and growth in solution until the early crystals are entrapped inside the gel.
The microstructural evidences presented above clearly establish that crystal growth is
retarded by the presence of the gel. Henceforth, growth must be solution mediated,
which is more compatible with mechanism (2). The smooth surfaces and straight facets
observed for the embedded part of the crystals in Fig.3.25(e) and Fig.3.25(f) are also in
favor of mechanism (2). The crystals must have grown in solution at an early stage
before the gel walls were sufficiently thick for entrapment to occur.
Slow growth, of course, might have occurred in the gel, especially if NBAH+ was
present in the gel and/or could be supplied from solution, as the final crystals were
found by EDS to be in the NBAH+ form with an absence of sodium1. Therefore, it is
still unclear to what extent crystal growth was inhibited by the gel.
In order to better compare crystal size and size of the gel walls, the size of the largest
observed crystals is indicated by the dashed rectangles in the SEM images showing the
gel walls after 1 and 2 h in Fig.3.27(a) and Fig.3.27(b) respectively. It is evident that the
gel walls are never sufficiently thick to fully entrap the largest crystals, which are larger
than the gel walls. Therefore, direct gel transformation required by mechanism (1) can
be ruled out. Partial gel entrapment must have resulted instead in the configuration
shown in Fig.3.19(b) and Fig.3.25(f) when the gel walls were the thickest, i.e. 2 h.
1

It is noteworthy that the faint sodium peak in Fig.3.19(c) can be explained by diffusion of sodium from
the gel during EDS.
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Figure 3.27. Scanning electron micrographs showing the evolution of the gel structure
as a function of time: (a) 1 h; (b) 2 h. Dashed rectangle: size of the largest crystals,
dotted rectangle: size of the crystals formed at maximum nucleation rate.
Figure 3.27(b) also shows as a dotted rectangle the size of the crystals formed at
maximum nucleation rate (i.e. 1.68 h) after 2 h. At this stage, the majority of the crystals
must have exhibited a size comparable to that of the dotted rectangle. The size of this
rectangle is several times smaller than the thicker regions of the gel walls. Therefore,
the majority of the crystals were trapped when the gel phase stopped growing.
Considering that growth of these crystals must have been inevitably retarded by the gel
as evidenced above, the actual distribution of the nucleation events shown in Fig.3.20(b)
might have been narrower and shifted towards earlier times. In fact, there is a possibility
that nucleation might have occurred as a burst as soon as the dwell temperature of the
hydrothermal treatment was reached. Our results illustrate the limitation of the widelyused method developed by Zhdanov to derive nucleation rate [19] if a gel phase is
present. Crystal entrapment by the gel and retarded growth has to be considered.
3.7. Aluminium zoning (Paper V)
Due to the variability of the natural kaolin, different batches required different synthesis
times to reach completion. Therefore, certain results as a function of time presented
herein are given with respect to the normalized synthesis time, t*, i.e. the time elapsed
in comparison to the synthesis time required for completion. The Si/Al ratio of the
surface of crystals of five crystals as a function of synthesis time is shown in Figure
3.28.
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Figure 3.28. Evolution of the Si/Al ratio as a function of normalized synthesis time:
squares, at the surface of 5 crystals derived from polished cross-sections; circles,
unwashed gel; dashed line, average Si/Al ratio in the washed gel samples.
All investigated crystals were found to exhibit similar aluminium zoning. The Si/Al
ratio ranges from 25 to 27 in the beginning of synthesis, i.e. in the core of the crystals,
but decreases gradually to values between 15 and 17 at the outer surface of the final
crystals after completion of the synthesis. The average Si/Al ratio of the whole volume
of the five crystals were 19.4  0.5 (see Appendix Fig.A.1).
On the other hand, the Si/Al ratio in the unwashed gel walls as a function of synthesis
time is also shown in Fig.3.28. The Si/Al steadily decreases from 19.2 to 15.7 during
stage II and more rapidly drops to 13.2 during stage III. The similar Si/Al ratio obtained
in the unwashed gel walls at the beginning of crystallization and in the final crystals;
19.2 and 19.4 respectively, indicates that the gel served as a source of nutrient for
crystallization during stage II and III. In addition, the aluminium zoning observed in the
crystals seems to be related to the compositional changes occurring in the gel during
synthesis.
Considering the internal structure of the gel after complete gel formation, the walls of
the spongeous gel network were relatively dense and biphasic where a mesoporous
skeleton of nanoparticles with a Si/Al ratio of 13 is filled with a matrix of soft matter
that is silicate-rich, which results in an overall Si/Al ratio of 20 inside the gel walls. As
shown above, the skeleton of nanoparticles is responsible for the high BET specific area
observed after washing (see Fig.3.14(h)) and the constant Si/Al ratio of 13 measured on
washed fragments of the gel at any synthesis time, as shown in Table 3.7 and by the
dashed line in Fig.3.28.
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Figure 3.29. (a) HR-TEM micrograph of the unwashed gel at the end of stage II. The
dotted rectangle in the inserted low magnification image indicates where the high
magnification image was recorded on the gel fragment; (b) XHR-SEM micrograph of
the cross-section of the gel walls.
TEM images of a typical fragment of the unwashed gel at the end of Stage II are shown
in Figure 3.29(a). The structure is clearly porous, which indicates that parts of the gel
walls were consumed in the crystallization process. This is also confirmed by the image
by XHR-SEM of the cross-section of the gel walls (Fig.3.29(b)). The formation of
cavities throughout the interior of the gel walls was observed, which shows that the gel
walls are not consumed gradually by dissolution of the outer surface as often assumed.
Besides, the Si/Al ratio in the last fragments of the unwashed gel present during stage
III is similar to that of the skeleton of nanoparticles, i.e. around 13 in both cases. This
suggests that only the skeleton of nanoparticles or parts of it remains in the last
fragments of the gel. Therefore, the results indicate that the silicate-rich matrix is
preferentially consumed first, which causes the appearance of internal porosity inside
the gel walls during the course of synthesis.
The inhomogeneous consumption of the gel is confirmed by the limited decrease of the
specific surface area of the washed gel comprising the skeleton of nanoparticles during
the first half of the crystallization process, i.e. stage II (Fig.3.14(h)). Even though 50%
of the gel was converted to crystals during this stage, the spongeous network of the gel
remains continuous and the gel mass maintains its original size and shape as only a
small fraction of the skeleton of nanoparticles are consumed for crystal growth during
this stage.
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However, although the gel after complete formation after stage I and the final crystals
exhibit the same overall Si/Al ratio, the Si/Al ratio measured across the crystals is
constantly higher than that inside the gel for the corresponding synthesis time
(Fig.3.28). This is compatible if, first, the silicate-rich matrix is consumed and later the
skeleton of nanoparticles is consumed during the crystallization process. Besides, the
distribution of the Si/Al ratio values over the cross-sections of the individual crystals
(see Appendix Fig.A.1) shows that only certain regions of the outer rim of the crystal
exhibit values close to 13. These correspond most probably to the last regions of contact
between the gel and the crystals.
3.8. Dendritic growth
3.8.1. Asperities and interdentritic phase (Paper V)
During stage II (Fig.3.28), asperities were observed (Fig.3.30(a-c)) on the lateral surface
of the flat tablet-shaped crystals. These asperities disappeared during stage III and IV
and the crystal surfaces become smoother (Fig.3.30(d-f)). The same type of surface
asperities was observed in the same system using diatomite (Fig.A.2(a)) or fumed silica
(Fig.A.2(b)) as silica sources.
HR-TEM confirms the single crystalline nature of these asperities. For instance,
Fig.3.31(a) shows the surface of a growing crystal obtained in the diatomite system after
8 h of synthesis. The fast Fourier transform (FFT) inserted in Fig.3.31(a) displays that
the central part of the crystal was aligned close to the [100] zone axis of the ZSM-5
structure. Considering the single-crystallinity of the asperities shown in Fig.3.31(a) and
the continuity of the asperities with the bulk of crystals revealed by the fracture surface
in Fig.3.31(b), it is clear that the lattice of the crystal extends into the asperities.
Therefore, growth during stage II appears to have a dendritic character.
Interestingly, a third phase was identified between the asperities at the surface of the
crystals by XHR-SEM, as shown in Fig.3.31(b). It did probably not originate from
precipitation from the liquid phase during drying, since it was observed systematically
between the asperities in all systems, even after washing the crystals thoroughly with
distilled water directly after quenching of the autoclave. This phase was found to consist
of a web of nanoparticles on unwashed and washed crystals (Fig.3.31(b) and
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Fig.3.31(c), respectively) and to be continuous to the gel phase (Fig.3.31(d)). Hence, the
interdendritic phase and the skeleton of nanoparticles evidenced in the gel walls seem to
be identical. It is unclear if the interdendritic phase is a simple skin of remaining gel or
if it is steadily replenished. Nevertheless, it is always present and continuous as long as
the crystals share direct contacts with the gel phase, as this phase and dendrites with
comparable size are always present at the surface of the crystals, even though the outer
surface of the crystals increases significantly during stage II (Fig.3.30(a-c)).

Figure 3.30. SEM images of the crystals at different synthesis time during: (a-c) stage
II at t* = 0.33, 0.49, 0.66; (d-e) stage III at t* = 0.82 and 0.98; (f) stage IV at t* = 1.15.
ROI 1 and 2 are shown at higher magnification in Figure 3.31. All solids were washed.
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Figure 3.31. (a) HR-TEM micrograph of a growing crystal in the diatomite system after
8 h synthesis with corresponding FFT inserted; (b-d) XHR-SEM images: (b) unwashed
crystal partially fractured from the diatomite system after 8 h synthesis at 165 °C, (c)
and (d) higher magnification pictures of ROI 1 and ROI 2 in Fig.3.30(c), respectively.
3.8.2. Seeded growth of thin films (Paper V)
Typical microstructures of the films obtained by hydrothermal treatment at the end of
stage I are shown in Figure 3.32. Two different microstructures could be found on the
wafer fully exposed to the synthesis mixture (Region 1 in Fig.2.2). In regions where the
gel was in direct contact with the film (Fig.3.32(a)), the surface of the film appears
identical to that of the crystals growing within the gel phase during stage II (Fig.3.30(ac)). The presence of valleys between asperities with the interdendritic phase at the
bottom was observed (Fig.3.32(b)). In contrast, in regions where there were no
connections to the gel in the vicinity, the valleys were narrower (Fig.3.32(c)) and the
asperities appeared squarer (Fig.3.32(d)). However, an interdendritic phase could not be
observed in this case, but it may of course still exist in these very small voids.
Surprisingly, the film that was covered by the other wafers (Region 2 in Fig.2.2) was
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smoother without dendrites, as shown in Fig.3.32(e). These observations suggest that
the formation of asperities is related to the direct exposure of growing crystals to the gel
phase and the presence of the interdendritic phase originating from the nanoparticles of
the mesoporous skeleton of the gel.

Figure 3.32. Low and high magnification XHR-SEM images of the film grown by
seeding until the end of stage I: in Region 1 with (a-b) and without (c-d) anchoring of
the gel network in the vicinity; (e-f) in Region 2.
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Local composition determined by EDS on the cross-sections of the films with and
without dendrites indicates that both types of films were equivalent in terms of
distribution of Si/Al ratio, as shown in Fig.3.33(a) and Fig.3.33(b). Considering that the
interdendritic phase seems to originate from the Al-rich skeleton of nanoparticles, which
exhibits a Si/Al ratio of 13, a lower Si/Al ratio would have been expected in regions
with dendrites, unless the crystals mostly grow from nutrients in solution.
On the other hand, Fig.3.33(a) and Fig.3.33(b) shows the differences in thickness of the
cross-sections. The region without dendrites that was screened from direct exposition to
the gel phase was thicker, while the dendritic growth process caused a thinner film with
the formation of tortuous grain-boundaries in the upper part of the film. Therefore, the
identified interdendritic phase retards crystal growth and can be held responsible for the
dendritic growth. The web of nanoparticles originating from the gel forces crystal
growth to occur at separate locations creating meshes and causing the formation of
asperities. This observation also supports that the crystals grow from nutrients provided
by the solution.

Figure 3.33. SEM images of cross-sections of the films obtained by hydrothermally
treating seeded wafers of amorphous carbon inside the synthesis mixture for 2 h: (a)
with dendrites in Region 1; (b) without dendrites in Region 2. The inserted values
correspond to local composition data obtained by EDS in terms of Si/Al molar ratios.
The dashed lines indicate the approximate original position of the seed layer.
Consequently, the results suggests that growth of the ZSM-5 crystals in the investigated
system occurs by transportation of the nutrients through the liquid phase and that the gel
phase retards crystal growth. However, the protuberances of the dendrites (Fig.3.31(b))
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and the roughness at the nanoscale of the crystals grown without formation of dendrites
(Fig.3.32(f)) suggest kinetic roughening or the participation of an intermediate in the
form of nanoparticles. Rough interfaces and dendritic structures are usually held as
evidences of adhesive growth in the field of zeolite crystallization [80, 81].
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4 Conclusions
The first part of the work showed that it was possible to prepare ZSM-5 zeolite with a
Si/Al ratio in the range 10 – 20 from inexpensive raw materials, such as kaolin or
Bolivian diatomite, sodium hydroxide and n-butylamine without additional sources of
silica. Acid leaching was shown to be efficient in lowering the amount of impurities in
diatomaceous earth apart from calcium. On the other hand, the reaction mixtures
prepared from leached diatomite showed longer induction period due to the slower
digestion of the fossilized diatom skeletons compared with microporous leached
metakaolin. Additionally, the use of leached diatomite led to ZSM-5 crystals within a
synthesis time comparable to that of leached metakaolin. However the product also
contained low contents of mordenite, which was related to the high calcium content of
diatomite.
The EDS method developed in this work allowed determination of local and overall
compositions of sodium aluminosilicates and was found more reliable than ICP-SFMS.
In the second part of the work, the nucleation and growth processes of ZSM-5 crystals
from a heterogeneous system were studied and the main conclusions are the following:


The walls of the gel are inhomogeneous and possess a biphasic structure
consisting of a mesoporous skeleton of aluminosilicate nanoparticles embedded
in a silicate-rich soluble matrix of soft matter.



Gel formation and crystal nucleation and early growth occurred simultaneously.
The majority of the early crystals are fully embedded inside the gel and the
growth was retarded. Hence, nucleation and growth seemed to be solution
mediated.



The ZSM-5 crystals presented Al zoning, this feature was related to the biphasic
internal structure of the gel, since the silicate-rich matrix was preferentially
consumed first.



The presence of dendrites at the surface of the crystals during most of the
growth process was shown to be caused by the appearance of a web of
nanoparticles, most likely originating from the mesoporous skeleton in the gel.
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5 Future work
In this work, we have studied the growth of NBA-ZSM-5 crystals from leached
metakaolin. It would also be interesting to study the same system without the presence
impurities. An alternative is to use the liquid part recovered after aging in combination
with a reagent grade source of aluminium in order to ascertain whether or not the
growth mechanism observed in this work is universal. Complementarily, the
methodologies developed in this thesis should be applied to systems using TPA as SDA
for the sake of comparison.
In addition, it would be interesting to complement the results reported here with other
characterization methods capable of gaining information about the aluminosilicate
species present in the system, e.g. nuclear magnetic resonance.
Finally, the catalytic performance of the ZSM-5 crystals prepared from kaolin or
diatomite should be evaluated in order to establish whether they can be used in real
industrial applications.
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Appendices
1. Determination of the Si/Al molar ratio on cross-section of NBA-ZMS-5 crystals
from kaolin

67

Figure A.1. Individual crystals with sketches of cross-sections and distribution of the
Si/Al values and different shells to calculate the average values shell by shell and in the
entire crystals.
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2. SEM images of the intermediate and final products synthesized from
diatomaceous earth and fumed silica.

Figure A.2. XHR-SEM images of the early crystals in: (a) diatomite system after 5 h;
(b) fumed silica system after 12 h. The inserted pictures correspond to typical final
crystals.
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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.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Zeolite A, LTA (Linde Type A) or 4A is a synthetic sodium aluminosilicate. 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 3dimensional 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 compensated by a cation. This property confers to zeolite A water softening 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 detergent 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,

⇑ Corresponding author at: Chemical Technology, Luleå University of Technology,
971 87 Luleå, Sweden. Tel.: +46 0920 49 25 02; fax: + 46 0920 49 13 99.
E-mail addresses: gustavo.garcia@ltu.se, gusygarmen@hotmail.com (G. García).
http://dx.doi.org/10.1016/j.jallcom.2014.09.080
0925-8388/Ó 2014 Elsevier B.V. All rights reserved.

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 materials 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 materials 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 particular 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].
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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 usually 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, Chandrasekhar [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 properties 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 metakaolinization 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 activation, large amounts of aluminosilicates can be transformed into
more soluble species [30,31].
In this study, we report on a novel method to improve brightness 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 reference. 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 hydrothermal 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

RMA
KFA

Main components (wt.%)

Molar ratio

SiO2

Al2O3

Fe2O3

Na2O

CaO

K2O

MgO

LOI

SiO2/Al2O3

63.75
54.43

21.95
42.87

0.82
0.79

0.71
0.13

3.19
0.07

0.46
1.41

4.64
0.30

7.20
12.20

4.90
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 composition 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 equivalents 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 characteristic 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 appreciable 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 K montmorillonite and quartz, as well
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 attributed 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. 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)-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 synthesis mixture. Instead, this resulted in a steady decrease in crystal
size, while the SiO2/Al2O3 ratio in the product was almost constant.

Fig. 2. XRD diffractograms of the (A) RMA(2.0); (B) RMA(1.8) and (C) KFA(2.0)
series.

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.
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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
RMA(2.0)-3 h
RMA(1.8)-3 h
RMA(1.8)-3 h
KFA(2.0)-4 h
KFA(2.0)Mg-4 h
KFA(2.0)Mg-4 h

–
–
–
Na
–
–
Na

2.08
2.36
2.22
2.28
2.22
2.16
2.28

0.99
0.87
0.90
0.93
0.97
0.99
0.98

n.d.
0.11
0.12
0.03
0.01
n.d.
0.01

n.d.
0.18
0.19
0.18
0.01
0.16
0.16

0.99
0.98
1.02
0.96
0.98
0.99
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
RMA(1.8)-3 h
KFA(2.0)-4 h
KFA(2.0)Ca-4 h
KFA(2.0)Mg-4 h
KFA(2.0)MgCa-4 h

92.6
94.5
76.4
73.7
82.1
85.6

3.8
3.04
14.4
11.5
5.4
5.2

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).

G. García et al. / Journal of Alloys and Compounds 619 (2015) 771–777

775

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 SEM micrographs showing: (B) KFA(2.0)Ca4 h; (C) KFA(2.0)Mg4 h and (D) KFA(2.0)MgCa-4 h.

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 optimal synthesis time (RMA(1.8)-3 h) showed excellent optical properties. 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 synthesized 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 which were 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 anhydrous 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 powders 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 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
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Fig. 5. (A) SEM micrograph of extraneous matter of RMA(1.8)-3 h; EDS analysis of (B) Extraneous matter (dotted square in A) and (C) Zeolite A crystal (dotted circle in A).

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 magnesium 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 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.%.
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 zeolite A crystal, i.e. the encircled region in Fig. 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 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 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.
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 concentration of iron, they radically differed in terms of optical properties. 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 aluminosilicate with high silica ratio with suitable properties for
catalysis, adsorption and membrane applications (Jacobs
1981, Tavolaro and Drioli 1999, Weitkamp 2000). Researchers (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
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organic molecule as templating agent. Quaternary ammonium compounds like tetrapropyl ammonium bromide
(TPA-Br) (Padovan et al. 1984, Shirazi et al. 2008) and tetrapropyl ammonium hydroxide (TPA-OH) (Kotasthane
and Shiralkar 1986) are mostly used for the synthesis of
ZSM-5. Unfortunately, these quaternary ammonium compounds 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 alternative 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 combination 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 fossilized skeletal remains of diatoms. It consists essentially
of amorphous hydrated silica and a small amount of alumina 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 mordenite (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
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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 combination 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 different 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
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(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, respectively. The mixtures were aged under stirring for
24 hours at room temperature and were thereafter hydrothermally 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. Crystallinity 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 following the equation by van Hooff (Vanhooff et al. 1991).
ZSM-5 crystals with an average length of 10 μm synthesized 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 dispersive spectrometry (EDS, 80 mm2 X-max detector, Oxford
Instruments) at an accelerating voltage of 10 kV. Nitrogen 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 reflections at 2θ = 12.33; 19.80; 20.40; 21.40. 24.81 and 35.11)
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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 characteristic 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 treatment and the subsequent washing, the amorphous material
remained and NaCl was removed, but the other minor constituents 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 comparable compositions in terms of magnesium, potassium
and iron. However, leached diatomaceous earth was approximately 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 composed 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 microporous 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 partially 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 specific 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 compared 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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Figure 1 XRD diffractograms of the raw materials and acid-leached materials.

and 12 hours before decreasing for prolonged hydrothermal 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 diatomaceous 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, approximately 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 diatomaceous 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 formation 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

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
0.30

K2O

1.13

0.60

0.65

1.29

0.33

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)
0.004

Kaolin

12

0.058

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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Figure 3 Crystallinity as a function of time of the reaction products prepared from acid leached materials. (a) Leached metakaolin.
(b) Leached diatomaceous earth.

diameter around 7–8 μm and aspect ratio close to 1
(Figure 5(b)). This sample also contained smaller particles 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 hydroxide 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 4 XRD diffractograms of the products obtained after 12 hours of synthesis from acid leached materials. (a) Leached metakaolin.
(b) Leached diatomaceous earth.
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Figure 5 SEM images of ZSM-5 crystals from kaolin and diatomaceous earth. (a) Kaolin (5000x magnification). (b) Diatomaceous earth
(5000x magnification).

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 diatomaceous 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 metakaolin consisted of poorly defined platelets with a SiO2/
Al2O3 molar ratio of 7.5, which probably stem from undigested 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 morphology of fossilized diatom still comprised the main constituent of the diatomaceous earth synthesis mixture after
aging, even though further communition occurred by
mechanical mixing during aging. Therefore, the longer induction time encountered for the leached diatomaceous
earth system can be imparted to the heavily condensed
state still present after aging in comparison to the silicarich sol resulting from aging of the leached metakaolin
mixture, the latter being more homogeneous and requiring 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 obtained 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 diatomaceous 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 mordenite 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 compared 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. Therefore, 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 diatomaceous earth, sodium hydroxide and n-butylamine have
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Figure 6 EDS spectra of the final product obtained from leached diatomaceous earth. (a) ZSM-5 crystal. (b) Mordenite crystal.

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 materials. 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. However, the use of leached diatomaceous earth allowed higher
yield in ZSM-5 crystals within comparable synthesis times
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despite the formation of low contents of mordenite,
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.
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Abstract
In the present work, the formation of the gel in a heterogeneous system leading to the
crystallization of NBA-ZSM-5 zeolite from leached metakaolin was studied extensively. The
solid and liquid phases obtained after separation were analyzed by inductively coupled plasma
sector field mass spectrometry (ICP-SFMS), dynamic light scattering (DLS), extreme high
resolution-scanning electron microscopy (XHR-SEM), energy dispersive spectroscopy (EDS),
high resolution-transmission electron microscopy (HR-TEM), X-ray diffraction (XRD) and
nitrogen gas adsorption. The main gel phase formed after hydrothermal treatment exhibited a
sponge-like structure resembling those forming in (Na,TPA)-ZSM-5-based systems. For the
first time, the walls of the main gel were shown to be inhomogenous and to possess a biphasic
internal structure consisting of a mesoporous skeleton of aluminosilicate nanoparticles
embedded in a silicate-rich soluble matrix of soft matter. The data presented in this paper is of
primary importance to understand the mechanism by which the gel is consumed and
contributes to the growth process of the zeolite crystals.
Keywords: ZSM-5, zeolite, heterogeneous system, aluminosilicate gel, microstructure
Introduction
Zeolite ZSM-5 is an aluminosilicate with MFI framework which, because of the microporous
structure, acts as a molecular sieve with properties that can be applied in catalytic processes,
gas separation and ion exchange. The synthesis of this zeolite usually requires sources of
silicon and aluminum, water, a mineralizing agent and an organic component acting as a
structure directing agent or template. These compounds are combined in various compositions
and reacted under hydrothermal conditions [1].
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Although there are countless alternatives for the synthesis of ZSM-5 zeolite, synthesis
pathways can be grouped into two basic systems of crystallization. The first category is
related to the crystallization from heterogeneous systems with the formation of a gel directly
upon mixing the reactants or in the initial stage of crystallization [2-4]. The gel is an
amorphous phase with a certain degree of stiffness and therefore sometimes referred to as
solid when the liquid phase can easily be extracted from the stiff mass. The second category is
characterized by the absence of a macroscopic gel and is referred to as "clear solution” and
considered as a homogenous system [1, 5]. In both systems, the study of the stages and
species present during the formation of the crystals has aroused great interest. The main
purpose of such studies is to identify the precursor species and understand the transformation
into zeolite crystals. A proper understanding of the mechanisms of crystal formation opens the
possibility to design zeolites with defined properties for specific applications.
In the last twenty years, advanced analysis techniques have allowed to identify and study
intermediate species during nucleation and the early stages of crystallization of MFI zeolite
from clear solutions. It is noteworthy that the presence of an amorphous phase in the form of
colloidal nanoparticles is observed during the synthesis of silicalite-1, the aluminum-free
version of ZSM-5, suggesting that the presence of a gel precursor is also required as an
intermediate stage for crystallization from clear solutions [6]. These primary silica particles
that act as precursor species for crystallization [7] are amorphous and in the range of 2-4 nm
[8-10]. The primary particles evolve to larger particles in the form of aggregates, in which
nucleation and subsequent growth take place [11, 12].
However, the mechanisms of crystallization in heterogeneous systems are much more
complex to study due to the presence of the macroscopic gel in the beginning of the reaction,
which prevents scattering and diffraction methods (e.g. SAXS and DLS) from being used to
monitor the crystallization process. Therefore, the main challenge in this system is to identify
in which phase (gel and/or liquid) the intermediate phases are formed and to understand how
they participate to the development of the first zeolite nuclei. Additionally, another important
aspect to consider is the fact that the different phases of the system (i.e. liquid, colloidal
phase, amorphous intermediate products, crystals) might be altered by post-synthesis
treatments and therefore might suffer changes in terms of properties and/or composition
which might lead to erroneous conclusions. In fact, the separation of the synthesis
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intermediate products unavoidably leads to irremediable changes to at least one of the phases
in the system.
In general, the studies of heterogeneous systems for ZSM-5 synthesis have shown
experimental evidences of the presence of an amorphous aluminosilicate phase (gel) during
the induction period. This gel is often referred to as a secondary amorphous phase, since an
amorphous starting reagent such as fumed silica is considered as the primary amorphous
phase. The majority of the investigations have focused on the role of the gel in systems based
on aluminosilicate hydrogels with tetrapropylammonium (TPA) ions as structure directing
agent. In all proposed mechanisms, the aluminosilicate gel acts, at least partially, as the source
of nutrient for growth of the zeolite crystals [2, 3, 13].
All studies are also in agreement with the fact that the gel forming as a secondary amorphous
phase is engendered by condensation reactions between silicates and aluminates catalyzed by
the presence of OH- ions as mineralizing agent [1], which can lead to different gel
morphologies. In particular, two similar porous morphologies have been reported recently for
the gel aggregates in systems with moderate concentration leading to ZSM-5. An open
dendritic gel structure was first reported by Valtchev and colleagues [14] and a closely related
structure depicted as consisting of worm-like particles (WLP) was later reported by Subotić
and colleagues [15]. Both groups have clearly evidenced that lower silica/alumina ratios favor
thicker structures with larger particles [14, 15].
On the one hand, the open dendritic gel structure was shown to present a glassy aspect with
the absence of pores in the case of gels leading to ZSM-5, whereas pores have been observed
in gels resulting in other zeolites [14]. On the other hand, the formation of WLP in gels
resulting in ZSM-5 was proposed to stem from the aggregation of primary particles of
approximately 3 nm as well as the coalescence and disaggregation of different intermediates,
with aluminum-containing precursor species playing a major role in the aggregation process
[16]. However, no clear inhomogeneity or internal structure could be directly evidenced
within the WLP or gel aggregates in these two studies.
In most of the studies, tetrapropylammonium compounds has been studied as structure
directing agents for synthesis of ZSM-5 zeolite; however a lesser expensive alternative is the
n-butylamine which produces single crystals with similar properties than crystals prepared by
TPA ions [17]. In a previous work, we studied the crystallization of ZSM-5 with inexpensive
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n-butylamine (NBA) in a milky solution prepared from kaolinite or diatomite using NaOH as
mineralizing agent [18]. The kaolinite system resulted in a gel directly after heating thereby
forming a heterogeneous system resembling the aforementioned gels for ZSM-5 synthesis
forming dendritic structures with WLP. In the present study, the internal structure of this type
of gel was investigated in detail for the first time.
In this paper, the following nomenclature is employed:
Gel: semi-rigid jelly-like phase in the wet state. Two different gels were identified in the solid
obtained in this work.
Gel mass: the unified gel body observed before drying irrespective of visual appearance.
Solid: the dried macroscopic solid mass that was recovered either by filtration of the reaction
mixture after aging or decanting the liquid after hydrothermal treatment, irrespective of
internal structure and nature (e.g. gel, zeolite crystals, remaining mineral particles and clay
platelets).
Liquid: the liquid phase that was separated from the reaction mixture after aging by filtration
or after hydrothermal treatment by decanting.
Sponge-like or spongeous structure: three-dimensional structure consisting of a continuous
network of solid forming an interconnected network of porosity.
Walls: solid part of the spongeous structure by analogy with the edges of the cell walls of
opened cellular structures [19].
Equilibrium: refers to the solubility quasi-equilbrium established between the gel and liquid,
as defined by Zhdanov [20] and Lowe [21].
Experimental Section
Materials
The reagents used were kaolin (Riedel de Haen, pro analysi), sodium hydroxide (Sigma
Aldrich, reagent grade, ≥98%, anhydrous pellets), n-butylamine (NBA, Sigma Aldrich,
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99.5%) and hydrochloric acid (Merk, pro analysi 37%). De-ionized and then distilled water
was used throughout the work.
Sample preparation and characterization
Leached metakaolin, which was used as the aluminosilicate source, was prepared from kaolin
by following the procedure reported in a previous work [18]. Metakaolinite was leached by a
3 M solution of hydrochloric acid in a round-bottom flask under reflux conditions in a
thermostated oil bath maintained at 115 °C for 150 min. The synthesis mixture was prepared
by first mixing leached metakaolinite, sodium hydroxide, n-butylamine and water. This
mixture was stirred for 24 h at room temperature. The molar composition of the final
synthesis

mixture

was:

32SiO2:1Al2O3:6Na2O:5NBA:1068H2O.

The

mixture

was

hydrothermally treated in Teflon lined stainless steel autoclaves kept at either 165 or 169 °C
in an oil bath. After different synthesis times, the reaction was quenched by flushing the
autoclave with tap water with a temperature of about 8 °C. Finally, the solid formed at the
bottom of the autoclave was collected and either dried at room temperature for 48 h (i.e.
unwashed) or washed several times with water directly after synthesis followed by air drying
at 60 °C overnight. In addition, in order to analyze the remnant solid part after the aging step,
the solid was recovered by filtration on filter paper (Munktell, grade 00H, typical retention 12 µm). The filter cake was washed 3 times with distilled water and dried at 60 °C.
The overall composition of the solid phases was measured by inductively coupled plasma
sector field mass spectrometry (ICP-SFMS), where samples of 0.1 g were fused with 0.4 g of
LiBO2 and dissolved in HNO3 before measurement. The supernatant liquid after synthesis was
separated from the solid by careful decantation. The liquid was further passed through a
syringe filter with a pore size of 0.2 µm. The composition of the liquid was analyzed by ICPSFMS after dilution of the samples with water by a factor of 100.
Furthermore, the particle size distribution in the liquid phase was measured by dynamic light
scattering (DLS). The pH values of the liquid were measured with a pH-meter (Metrohm, 827
pH Lab) prior to each measurement; the electrode was calibrated using two standard buffer
solutions (pH 7.0 and 10.0).
The morphology of the solid samples was investigated with extreme high resolution –
scanning electron microscopy (XHR-SEM) using a beam of electrons at +3 kV or +1 kV with
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a bias voltage of -4 kV using a Magellan 400 (FEI Company, Eindhoven, the Netherlands)
instrument. The samples were not coated with any conductive coating prior to inspection. In
addition, local and overall compositions were determined by energy dispersive spectroscopy
(EDS) on a Merlin SEM (Carl Zeiss, Oberkochen, Germany) instrument using an X-Max 50
mm2 X-ray detector (Oxford Instruments, Abingdon, UK). EDS analysis was performed at
acceleration voltages of 3.5, 7.5 and 20 kV using a microinjector to introduce nitrogen gas
close to the surface of samples in order to mitigate charging.
High resolution-transmission electron microscopy (HR-TEM) characterization was performed
by using a JEOL JEM-2100F TEM (Jeol Ltd. Tokyo, Japan) instrument at an operating
voltage of 200 kV. The samples were prepared by crushing the solid in a mortar and by
dispersion in propanol for 2 min by ultrasonication. Finally, one drop of the suspension was
placed and dried on a holey carbon film supported by a TEM copper grid.
The crystallinity of the washed samples was analyzed by X-ray diffraction (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 40 mA
and 45 kV. A 2θ range from 5 to 50º was investigated with a step size of 0.026º. The degree
of crystallinity was determinated by following the equation derived by van Hooff [22] and
considering the area of characteristic peaks of ZSM-5 between 22 and 25° after background
removal.
Nitrogen gas adsorption at 77K on the solid phase was measured with a Micromeritics ASAP
2010 analyzer after degassing the samples at 300 ºC for 12 h. The surface area was estimated
using the BET equation. The equivalent spherical particle diameter d in nanometer was
calculated from the surface area using the equation d = 6000/(BET surface area in m2/g) 
(density in g/cm3). The density of Na2SiO3 (i.e. 2.4 g/cm3) was assumed.
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Results
Aging
After aging of the reaction mixture at room temperature for 24 h, the liquid was rich in silica
with a molar Si/Al ratio as high as 588 (Table 1). This was related to the dissolution of the
leached metakaolin under the prevailing alkaline conditions. Accordingly, approximately 84%
of the silicon present in the leached metakaolin was transferred to the liquid phase. The liquid
was also very rich in sodium, as it contained 98% of the total amount of sodium. In contrast,
only 2% of the introduced aluminum was found in the liquid phase. On the contrary, the
majority of the aluminum was present in the solid phase, which exhibited a molar Si/Al ratio
of 2.5. As shown in Fig.1(a), the remnant solid was found by XRD to consist of impurities
present in natural kaolin, such as quartz, muscovite and orthoclase. Accordingly, the solid
material after aging was comprised of agglomerated particles, mostly consisting of muscovite
clay platelets as revealed in Fig.1(b). The presence of muscovite and orthoclase was
responsible for the low Si/Al ratio of 2.5 of the solid recovered after aging reported in Table 1
and referred to as impurities.

Figure 1. XRD diffractogram (a) and SEM image (b) of the solid part of the reaction mixture
after aging.
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Table 1. Molar Si/Al and Na/Al ratios of the solid components and liquid.

Leached metakaolin Impurities Liquid

Gel 1

Gel 1

unwashed washed

Si/Al

16a

2.5a

588a

20b

13b

Na/Al

0.12a

0.13a

247a

6.5c

1.2c

a

determined by ICP-SFMS

b

determined by EDS (Table S.2)

c

determined by the method described in the Supplementary Information (Table S.4)

Crystallization stages with respect to gel evolution
Upon heating of the aged reaction mixture, a gel mass formed within the first two hours.
Typical photographs of the gel mass obtained after 2 h of synthesis are shown in Fig.S.1
before and after drying. Figure 2 shows a sketch of the gel mass that exhibited constant shape
and size between 2 and 4 h of synthesis. It consisted of a main white opaque part (Gel 1) that
was covered by a thin translucent layer on the top (Gel 2). Crystallization of the NBA-ZSM-5
single crystals was observed to occur in Gel 1 only.

Figure 2. Sketch of the gel mass observed between 2 and 4 h.
Based on macroscopic observations of the evolution of the gel mass during the course of
synthesis, the curve of the XRD crystallinity of ZSM-5 shown in Figure 3 (a) can be divided
into four stages: (I) apparent induction period (from 0 to 2 h) corresponding to the formation
of the gel mass, (II) crystallization with intact gel mass (from 2 to 4 h), (III) crystallization
8

after collapse of the gel mass (from 5 to 6 h) and (IV) complete disappearance of the gel and
ripening (after 6 h).

Figure 3. Evolution as a function of synthesis time of: (a) ZSM-5 crystallinity, (b) silicon, (c)
sodium, (d) aluminum concentrations in the liquid phase; (e) diameter of the particles present
in liquid phase; (f) pH; (g) minimum diameter of the gel walls (* measurements performed on
small fragments of the gel), (h) BET surface area of the washed solid phase.
Formation and role of the gel
The formation of the gel mass during Stage I coincided with decreasing concentrations of
silicon and sodium in solution, as shown in Fig.3(b) and Fig.3(c), respectively. This shows
that silicon and sodium precipates from solution, which results in gel formation. Fig.3(d)
shows that the measured concentration of aluminum in the liquid phase during the entire
synthesis was low and remained fairly constant from after aging until completion of the
synthesis, representing only between 1 and 2% of the total aluminium present in the
system.Therefore, aluminium present in the solution after aging did not participate to the gel
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formation. Instead, monomeric aluminate anions (Al(OH)4) provided by rapid dissolution of
parts of the remaining clays and minerals upon heating during the first hour reacted
immediately with larger silicate oligomers as suggested in literature [23]. This is illustrated by
the decrease in average diameter measured by DLS between 0 and 1 h (Fig.3(e)) and
corroborated by the sharp increase in pH of the liquid between 0 and 0.5 h (Fig.3(f)) caused
by the release of [OH-] ions to the solution during condensation of the silica oligomers
according to the following reaction:
≡SiO- + HO-Si≡ ↔ ≡Si-O-Si≡ + OH-

(1)

Subsequently, more sodium and silicon in the form of shorter silicate oligomers were
precipitated from the solution and integrated to the gel mass during the second hour, as shown
by the decrease of the concentrations in Si and Na between 1 and 2 h in Fig.3(b) and Fig.3(c),
respectively.
During crystallization (stage II and III), sodium was continuously released from the gel to the
liquid phase and the concentration of Na in the liquid phase (Fig.3(c)) followed relatively well
the evolution of the XRD crystallinity curve over time (Fig.3(a)). In contrast, the
concentration of silicon in the liquid phase was relatively constant during the crystallization
process (Fig.3(b)). The slight increase at the beginning of stage III is believed to be due to the
dissolution of the translucent gel part (Gel 2 in Fig.2) after collapse of the main part of the gel
mass (Gel 1 in Fig.2). This is corroborated by the detection of larger oligomers by DLS
during stage III and IV (Fig.3(e)) and the decrease of pH at the transition stage II/III, whereas
an increase of pH is characteristic of zeolite crystallization, as previously demonstrated by
Lowe [24] or Navrotsky [25].
All these data show that a solubility quasi-equilibrium between the gel mass and solution is
reached at the end of stage I and that the quantities of silicon and aluminium stored in the
main part of the gel mass (Gel 1 in Fig.2) equal those incorporated inside the ZSM-5 crystals
during stage II and III, independently of the exact transport and identities of the species
involved in the growth mechanism.
Gel structure at equilibrium
The main part of the gel mass after 2 h (Gel 1 in Fig.2) was found to consist of a sponge-like
structure with cell walls with a minimum diameter in the range of 250 nm, as shown in Figure
10

4. It is noteworthy that beyond 2 h, no further growth of the cell walls was observed at longer
synthesis times, as shown in Fig.3(g). This confirms that the gel mass reached equilibrium at
2 h. The morphology of the gel walls resembled the open dendritic gel structure and the
worm-like particles (WLP) reported by Valtchev [14] and Subotić [15], respectively.

Figure 4. Scanning electron micrographs showing the spongeous structure found inside Gel 1.
The large open porosity of the opaque part of the gel with sponge-like structure permitted a
majority of the liquid phase to be driven off to the outer surface during drying without
washing. This was evidenced by the special aspect of the crust forming on the outside of the
solid mass and the inward gradient of precipitated species after drying (Fig.S.2.1-2.5). The
center of Gel 1 was free of appreciable amounts of recrystallized and precipitated species
around the gel walls, as shown in Fig.5(a) (as well as Fig.S.2.6-2.11). Therefore, XHR-SEM
imaging and EDS measurements were performed on material issued from this particular
region in order to obtain reliable results without contribution from the liquid phase. In
Fig.5(b), the XHR-SEM image of a fracture surface of a gel wall shows that the walls appear
quite compact with only a minor observable porosity throughout the cross-section and
exhibited a granular character.
The presence of clay and minerals impurities as well as the diffusion of Na and Si under
irradiation of the electron beam caused difficulties to acquire reliable EDS data for the gel
walls. However, proper methodologies were developed and are presented in the
Supplementary Information. Accordingly, the gel walls were found to exhibit Si/Al and Na/Al
molar ratios of 20 and 6.5, respectively (see Table 1).
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Figure 5. XHR-SEM images showing fracture surfaces of: (a-b) the unwashed gel walls at
low (a) and high (b) magnification; (c-d) the washed gel walls at low (c) and high (d)
magnification.
Effect of washing
If washing was applied directly after completion of synthesis, this caused the gel mass to
collapse and the final solid after drying consisted of fragments of the sponge-like structure.
The washed fragments after 2 h were observed to be porous by electron microscopy. Fig.5(c)
shows a XHR-SEM image of the fracture surface of a washed gel fragment. The gel walls
were clearly porous and the granular character was striking. These observations were
confirmed by HR-TEM (see Fig.S.3). In addition, the Si/Al and Na/Al ratio in the gel walls
were found to decrease to 13 and 1.2 after washing (see Table 1). Therefore, a continuous
silicate-rich phase must have been present inside the unwashed gel walls after drying in order
to mask the internal porosity revealed after washing. A constant Si/Al ratio of 13 was in fact
obtained in the gel walls recovered after all synthesis times investigated between 2 and 5 h
(see Table 2). As the gel walls retained their size after washing as well as in the remaining gel
12

fragments after the collapse of the gel mass, it can be concluded that the gel walls consist of a
skeleton of granular particles, with low solubility in water.
The solid skeleton retained after washing was comprised of a network of nanoparticles
forming a spongeous structure, as revealed by the high magnification XHR-SEM image
shown in Fig.5(d). This mesoporous skeleton was responsible for the high BET specific
surface area of 357 m2/g measured for 2 h of synthesis after washing (Fig.3(h)), which
corresponds to a comparable equivalent particle diameter of 7 nm in agreement with Fig.5(d).
Table 2. Evolution of the Si/Al ratio in the washed gel determined by EDS.
Time (h)
Si/Al

2

3

4

5

13.2 13.4 13.8 12.1

Average
12.9

Discussion
The internal mesoporous skeleton of nanoparticles evidenced after washing is rich in
aluminium with a Si/Al molar ratio of 13 in comparison to the unwashed gel whose ratio was
20. Hence, it probably started to form during the complexation of the aluminate ions released
by the impurities and the large silicate oligomers present in solution in the beginning of
synthesis. The high BET specific surface area measured after 1 h is comparable to that found
for 2 h (Fig.3(h)) and therefore suggests that the nanoparticles were already formed at this
early stage, even though the gel walls increased dramatically in size the following hour to
reach equilibrium (Fig.3(g)).
The continuous water-soluble silicate-rich phase hiding the internal porosity of the gel walls
after drying most probably comprise a matrix of soft matter formed by shorter oligomers
between 1 and 2 h. As a matter of fact, material left by the liquid inside the gel walls during
drying can be ruled out, since there were no direct traces of the dried liquid around the gel
walls in the investigated region of the dried solid mass by XHR-SEM (Fig.S.2.1-S.2.11).
Moreover, it is improbable that the liquid was sufficiently concentrated in silicate to
completely fill with dry solid the internal porosity of the gel walls that it should have
occupied before drying and to cause an increase of the Si/Al ratio from 13 to 20.
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Consequently, we propose that the gel at equilibrium has a biphasic structure and consists of a
mesoporous skeleton of nanoparticles forming a spongeous network inside a silicate-rich
matrix of soft matter, as depicted in Figure 6.

Figure 6. Sketch of a cross-section of the gel walls showing the biphasic internal structure.
Recently, a core-shell structure for the final gel aggregates in a system leading zeolite A has
been proposed on the principle that aluminate ions react first and rapidly with the silicate
oligomers [26]. In this model, an aluminum-rich core is expected in the center of the gel
walls. Our results demonstrate for the first time that this type of compositional inhomogeneity
exists also in gels leading to the formation of ZSM-5. However, the expected gradient Si/Al in
the gel structure is not at the scale of the gel walls, but at a scale below 10 nm. It stems from a
mesoporous skeleton of nanoparticles embedded in a silicate-rich matrix of soft matter.
Conclusions
The formation of the gel in a heterogeneous system leading to the crystallization of
(Na,NBA)-ZSM-5 from leached metakaolin was studied. The leached metakaolin produced a
solution rich in silica oligomers after aging with the other reagents and aluminium was
provided by the dissolution upon heating of the mineral or clay impurities contained in the
metakaolin. The main gel phase formed after hydrothermal treatment exhibited a sponge-like
structure resembling those forming in (Na,TPA)-ZSM-5-based systems. For the first time, the
walls of the main gel were shown by several techniques to be inhomogenous and to possess a
biphasic internal structure consisting of a mesoporous skeleton of aluminosilicate
nanoparticles embedded in a silicate-rich soluble matrix of soft matter. However, the
mechanism by which the aluminosilicate nanoparticles are consumed and how the growth
process of the zeolite crystals takes place has to be further investigated.
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Supporting Information

Figure S.1. Stiff gel recovered after 2 h of synthesis: (a) after quenching of the autoclave; (b)
after drying at room temperature for 48 h.
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Figure S.2. Stitched SEM images showing the cross-section of the gel obtained after 2 h of
hydrothermal synthesis and drying at room temperature for 48 h.
The gel mass broke into two pieces when fracture was initiated with a scalpel. Numbers
indicate the localization of the regions of interest (ROI) documented in Figure S.2.1-2.11.
ROI 1 shows the outer crust, ROI 2-5 illustrate the inward gradient in precipitated species and
ROI 6-11 correspond to regions free of precipitated species.
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Figure S.2.1. XHR-SEM micrographs recorded in ROI 1.
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Figure S.2.2. XHR-SEM micrographs recorded in ROI 2.
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Figure S.2.3. XHR-SEM micrographs recorded in ROI 3.

Figure S.2.4. XHR-SEM micrographs recorded in ROI 4.
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Figure S.2.5. XHR-SEM micrographs recorded in ROI 5.
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Figure S.2.6. XHR-SEM micrographs recorded in ROI 6.
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Figure S.2.7. XHR-SEM micrographs recorded in ROI 7.

Figure S.2.8. XHR-SEM micrographs recorded in ROI 8.
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Figure S.2.9. XHR-SEM micrographs recorded in ROI 9.
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Figure S.2.10. XHR-SEM micrographs recorded in ROI 10.

Figure S.2.11. XHR-SEM micrographs recorded in ROI 11.
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Methodology to determine Si/Al and Na/Al ratios
All measurements on the gel were performed on parts originating from the center of Gel 1
after drying in order to avoid recrystallized and precipitated species.
Si/Al in the gel walls:
Local measurements at high magnification were required in order to determine the Si/Al ratio
in the gel walls without contribution of quartz, orthoclase and muscovite.
The measurements were performed on locations where the sponge-like structure of the gels
was the thickest. An acceleration voltage of 10 kV was found to cause beam penetration
beyond the wall thickness of the gel. Therefore, 7.5 kV was preferred in order to gain
compositional data representative of the bulk of the gel walls and 3.5 kV for measurement of
even shallower regions beneath the surface. Only data showing no potassium peak in the EDS
spectrum were considered, as it was a sign of the presence of clay platelets or orthoclase. The
data was acquired by collecting 200 000 counts of the X-rays produced during scanning fieldof-views of 1142857 nm2 and 228171 nm2 (corresponding to 100 000 or 500 000
magnification, respectively) at the fastest scanning rate available (0.7 ns dwell time) and at
the pixel resolution causing less charging (i.e. 512384) in order to limit beam damage. A
microinjector to introduce nitrogen gas close to the surface of samples was used in order to
mitigate charging.
Unwashed gel walls
The Si/Al ratio of unwashed samples, i.e. RT-dried gels, was particularly difficult to
determine and was very dependent on the experimental conditions. At high magnification
(500 k) only measurements at 7.5 kV seemed to be reliable. At 3.5 kV, the silicon signal was
found to increase over time under the irradiation of the electron beam, probably originating of
a very thin layer of dried liquid on the surface or from the silicate-rich matrix of soft matter.
As shown in Table 1, the Si/Al ratio values of 21.2 and 20.7 measured at 7.5 kV for the
unwashed gels synthesized for 2 h from two different batches show that both gels were
equivalent in terms of composition before washing and that the Si/Al ratio was close to 21.
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Table S.1. Molar Si/Al ratio of the gel after 2 h at 165 and 169 C, treated by different postsynthesis methods: RT-drying, direct washing and post-washing. Number of washing steps
indicated within brackets. The measurements were all obtained locally by EDS by analyzing
field-of-views at 500 k magnification (i.e. 228171 nm2).

RT-drying
direct washing (3)
3.5 kV
direct washing (6)
post-washing (6)
post-washing (10)
RT-drying
post-washing (6)
7.5 kV
post-washing (10)
n.r.: non-reliable; n.d.: non-determined

Batch 1

Batch 2

20.8±2.5 (600 C)
n.d.
n.d.
13.3±1.5
13.4±0.8
21.2±2.8
15.4±2.6
12.9±0.9

n.r.
15.0±1.7
13.0±1.4
n.d.
13.3±0.8
20.7±2.2
n.d.
12.6±1.4

- RT drying: room temperature drying in air for 48 h.
- post-washing: washing several times with water after RT drying, followed by air drying at
60 °C overnight.
- direct washing: washing several times with water directly after synthesis followed by air
drying at 60 °C overnight.
In order to obtain reliable values at 3.5 kV at this magnification, the gel material was heat
treated in air at 600 C for 4 h to strengthen bonding between the aluminosilicate species. The
results in Table 1 show that the measurements at low accelerating voltage (3.5 kV) after heat
treatment at 600 C produced similar results to those obtained at 7.5 kV. Independently of
accelerating voltage, EDS measurements conducted on the surface and on fractured crosssections of the gel walls sintered at 600 C also yielded comparable values (Table S.2).
Hence, it can also be concluded that the gel is homogeneous in terms of Si/Al ratio from the
center to the outer surface of the walls at the scale of 200 nm when it reaches its maximum
size, i.e. after 2 h. This spatial scale corresponds to the diameter of the volume generating Xrays at an acceleration voltage 3.5 kV inside the gel as determined by Monte Carlo Simulation
of Electron Trajectories in Solids (CASINO).
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Table S.2. Molar Si/Al ratio of the gel after 2 h, RT drying and heat treatment at 600 C for 4
h.
Accelerating voltage

600
surface (100 k)
18.8±1.5
cross-section (500 k)
20.8±2.5
surface (100 k)
20.3±1.7
cross-section (500 k)
20.1±1.4

3.5 kV

7.5 kV

The consistency of all these results demonstrates that the Si/Al ratio in the unwashed gel walls
is approximately 20-21.
Washed gel walls
Interestingly, the Si/Al ratio in the washed gel phase determined by EDS was found to be
independent of the method, i.e. direct washing or post-washing. As shown in Table S.1, the
measured Si/Al ratios decreased and approached a value of 13 as the number of washing steps
was increased from 3 to 6 for direct washing and from 6 to 10 for post-washing for both gels.
Na/Al:
Sodium ions are very mobile when irradiated by the electron beam. Moderate doses are
sufficient to cause diffusion of sodium to or out from the irradiated area. Therefore, reliable
compositional data can only be obtained by EDS for short dwell time at very low
magnification, i.e. when the space between two adjacent irradiation spots is large. An
accelerating voltage of 20 kV was used for this purpose. A value of 2.55 was obtained by this
method for the Si/Al of the impurities recovered after aging. A value of 2.48 was obtained by
ICP-SFMS, which shows the validity of the method.
As the EDS results obtained at low magnification measurements include the impurities, the
values of the Na/Al ratio must be corrected by the percentage of Al present in the gel only and
thereby remove the contribution of the Al contained in the impurities. In Table S.3, x is the
fraction of Al dissolved from the impurities. It can be determined by the following equation:
[8.62-2.48(1-x)]/x = 20
Solving the equation above, a value of 0.35 is found for x.
Different assumptions were made:
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It is assumed that all dissolved Al ends in the gel phase.



It is also assumed the final crystals after 7 h contain all Al and Si originally present in
Gel 1. In this way, the Si/Al ratio determined by ICP-MS for the solid after 7 h (i.e.
8.62) can be used for the solid after 2 h, which contains the gel and the impurities. The
value determined by ICP-SFMS for the solid after 2 h cannot be used as it contains
additional silicon and sodium from the phase dissolving after 5 h.



The impurities were assumed to dissolve homogeneously, i.e. the amounts of released
Si and Na are proportional to the fraction of dissolved Al according to the Si/Al and
Na/Al ratios determined by ICP-SFMS (i.e. 2.48 and 0.13).



The final crystals contain no sodium. The value obtained in Table S.4, i.e. 0.08, was
close to that obtained by ICP-SFMS with 0.09.

All numerical values for x = 0.35 are given in Table S.4. The Na/Al ratios of the unwashed
and washed gels were calculated to be 6.46 and 1.24, respectively.
Table S.3. Molar Si/Al and Na/Al in the different components of the solid for different
synthesis times as a function of x.
Solid
Unwashed
Time (h)

2

Impurities
Washed

2

Gel

After aging Dissolved Remaining
7

0

2
a

2

Unwashed

Washed

2

2

a

b

2.48

2.48

2.48

20

13b

Si/Al

8.62

[2.48(1-x)]+13x

8.62

Si (mol)

8.62

[2.48(1-x)]+13x

8.62

2.48

2.48x

2.48(1-x)

8.62-2.48(1-x)

13x

Al (mol)

1

1

1

1

x

1-x

x

x

Na/Al

2.35c

0.52c

0.13(1-x)

0.13a

0.13

0.13

Na (mol)

2.35

0.52

0.13(1-x)

0.13

0.13x

0.13(1-x)

a

determined by ICP-SFMS

b

determined by EDS at high magnification

c

determined by EDS at low magnification

[2.35-[0.13(1-x)]]/x [0.52-[0.13(1-x)]]/x
2.35-[0.13(1-x)]

0.52-[0.13(1-x)]

Table S.4. Molar Si/Al and Na/Al in the different components of the solid for different
synthesis times.
Solid
Unwashed
Time (h)

2

Impurities
Washed

2

Gel

After aging Dissolved Remaining
7

0

2

2

Unwashed

Washed

2

2

a

a

b

2.48

2.48

2.48

20

13b

Si/Al

8.62

6.17

8.62

Si (mol)

8.62

6.17

8.62

2.48

0.87

1.61

7.01

4.56

Al (mol)

1

1

1

1

0.35

0.65

0.35

0.35

Na/Al

2.35c

0.52c

0.08

0.13a

0.13

0.13

6.46

1.24

Na (mol)

2.35

0.52

0.08

0.13

0.05

0.08

2.27

0.44

a

determined by ICP-SFMS

b

determined by EDS at high magnification

c

determined by EDS at low magnification
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Figure S.3. Cross-sections of the gel obtained after 2 h: (a) after direct washing (3), (b) area
corresponding to the delineated area in (a), (c) without washing, (d) area corresponding to the
delineated area in (c). The arrow indicates the presence of small clay platelets on the surface
of the gel after drying.
In Fig.S.3(a) and Fig.S.3(b), the HR-TEM image of a cross-section of a washed gel fragment
after 2 h reveals the granular character of the internal structure of the gel formed by nanosized
grains < 10 nm, as demonstrated by the modulated contrast in Fig.S.3(b). On the contrary, no
particular internal structure could be observed inside the gel without washing, as shown in
Fig.S.3(c) and Fig.S.3(d).
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Abstract
The synthesis of flat tablet-shaped ZSM-5 crystals from a gel using metakaolin as
aluminosilicate source and n-butylamine as structure directing agent was investigated.
The evolution inside the solid phase was characterized by X-ray diffraction, scanning
electron microscopy, energy dispersive spectroscopy, thermogravimetry and mass
spectrometry. A kinetic study indicated that the nucleation of the majority crystals
occurred concurrently with the formation of the gel upon heating the starting liquid
suspension. Microstructural evidences undeniably showed that the gel precipitated on
ZSM-5 crystals and mineral impurities originating from kaolin. As a result, crystal
growth was retarded by gel entrapment, as indicated by the configuration and
morphology of the embedded crystals. The results presented herein are harmonized with
a solution-mediated nucleation and growth mechanism. Our observations differ from the
autocatalytic model that suggests that the nuclei rest inside the gel until released when
the gel is consumed. Our results show instead that it is crystals that formed in an early
stage before entrapment inside the gel that rest inside the gel until exposed at the gel
surface. These results illustrate the limitation of the classical method used in the field to
determine nucleation profiles when entrapment of the crystals inside the gel occurs.

Keywords: Growth models A1, Nucleation A1, Growth from solutions A2,
Hydrothermal crystal growth A2, Single crystal growth A2, Inorganic compounds B1

1

Introduction
Zeolites are important catalysts in the petrochemical industry. Due to suitable micropore
size and acidity, zeolite ZSM-5 has become a key catalyst for hydrocarbon
isomerization and partial oxidation of alcohols since it was discovered in 1972 [1]. A
deep understanding of the nucleation and growth processes occurring during synthesis
of this zeolite is essential in the development of improved catalysts. In the industry,
ZSM-5 is usually produced from concentrated systems in which there is formation of a
visible amorphous gel phase, which might be referred to as primary or secondary
amorphous phase depending on whether gelation occurs directly upon mixing of the
reagents or after dissolution of an amorphous reagent, i.e. the primary amorphous phase.
However, these systems remain the least understood mainly because of experimental
difficulties to characterize the complex interrelationship between solid, colloidal and
liquid phase in-situ and the risk of creating artifacts during drying prior to ex-situ
characterization.
In the case of the synthesis of ZSM-5 from concentrated systems, different
crystallization mechanisms have been proposed through the years. The mechanisms can
be classified depending on where nucleation is supposed to occur: (i) nucleation inside
the gel phase followed by either hydrogel transformation into polycrystalline aggregates
[2, 3] or growth of the nuclei into individual crystals once released in the solution
during gel dissolution [4], (ii) nucleation within a rim from the gel outer surface [5] or
at the gel-liquid interface [6] and subsequent growth in solution. However, the
localization of nucleation events is still uncertain. In particular, local observation of the
first signs of crystallinity by transmission electron microscopy (TEM) is difficult
because of the concentrated character of these systems and the sensitivity of zeolites to
electron irradiation [7]. In contrast, several milestone studies have been based on TEM
observations on so called “clear solutions” in which a primary amorphous phase is
finely dispersed at the nanometer level. These studies have evidenced nucleation
occurring inside the gel particles for zeolite A [8], on the periphery of gel aggregates for
zeolite Y [9] and inside aggregates of amorphous nanoparticles in the case of silicalite1, the aluminum-free version of ZSM-5[10, 11].
An alternative way of classifying the main crystallization theories of ZSM-5 is to refer
to the two traditional theories of nutrient transportation for zeolite growth and the
2

mechanisms proposed by Derouane and Gabelica [2, 12], i.e. “classical liquid
transportation mechanism (type A)” or “direct solid-state transformation (type B)”.
In the type A mechanism, aluminosilicate species are transported though the liquid
phase from the gel to the growing zeolite crystals after nucleation on the gel-liquid
interface [6] or in solution [13]. The type B mechanism [2] implies the formation of a
hydrous aluminosilicate gel that acts as a matrix in which zeolite nuclei are formed
through internal rearrangements and grow further through direct transformation of the
hydrogel into zeolite material [14]. Recently, Ren et al. [3, 15] have shown that the
secondary amorphous phase can transform further into another aluminosilicate
amorphous precursor, i.e. a tertiary amorphous phase denoted condensate aggregates
(CAs). The CAs particles act as a matrix where polycrystalline aggregates are formed.
Alternatively, both type A and type B mechanisms are combined in the autocatalytic
nucleation model that states that the nuclei form inside the gel matrix but only start to
grow once released in the liquid phase during dissolution of the gel [4, 16-18].
In our previous work, the formation of the gel mass in a heterogeneous system leading
to the crystallization of NBA-ZSM-5 from leached metakaolin has been studied [19].
We showed that the walls of the gel were inhomogeneous and possessed a biphasic
internal structure consisting of a mesoporous skeleton of aluminosilicate nanoparticles
embedded in a silicate-rich soluble matrix of soft matter. In the present work, the same
system was investigated in terms of crystallinity, nucleation kinetics and morphological
changes of the different phases in the dried solid during the entire crystallization
process. As a result, a new nucleation and growth process of ZSM-5 crystals is
described herein.
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Experimental Section
Materials
Kaolin (Riedel de Haen, proanalysis), sodium hydroxide (Sigma Aldrich, reagent grade,
≥98%, anhydrous pellets), n-butylamine (NBA, Sigma Aldrich, 99.5%) and
hydrochloric acid (Merk, proanalysis grade. 37%) were used as reagents.
The preparation of leached metakaolin (LMK), which was used as the aluminosilicate
source, was processed by following the procedure reported in a previous work [20].
Metakaolinite obtained by calcination of kaolin at 750 °C for 2 h was leached by
hydrochloric acid (3 M) in a round-bottom flask under reflux conditions in a
thermostated oil bath maintained at 115 °C for 150 min.
Hydrothermal synthesis was performed on suspensions prepared by mixing LMK with
distilled water, NBA and sodium hydroxide. The molar composition of the suspensions
was: 32SiO2:1Al2O3:6Na2O:5NBA:1068H2O. After aging for 24 h by stirring at room
temperature, the synthesis mixtures were hydrothermally heated in Teflon lined
stainless steel autoclaves kept at 169 °C for different times in an oil bath. After different
synthesis times, the reaction was quenched by flushing the autoclave with tap water
with a temperature of about 8 °C. The liquid phase was decanted carefully and filtered
through a syringe filter with a pore size of 0.2 µm. Finally, the solid formed at the
bottom of the autoclave was washed with distilled water 3 times followed by drying at
60 °C overnight or directly dried at room temperature for 48 h without washing. Partial
removal of the gel phase was performed by washing with a 1 M ammonia water solution
for 1 h.
Characterization
Extreme High Resolution Scanning Electron Microscopy (XHR-SEM) images were
recorded using a Magellan 400 (FEI Company, Eindhoven, the Netherlands) instrument
equipped with an Elstar electron column with a monochromator-like device. High
resolution imaging by the Through-the-Lens Detector (TLD) was performed by
immersion the sample in a strong magnetic field and using a probe of electrons at a
landing energy of 3 keV and a current of 6.3 pA. A dedicated backscattered electron
detector in combination with an accelerating voltage of 3 kV and a probe current of 800
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pA was employed in order to facilitate the identification of the zeolite crystals by
creating contrast between the gel phase and the crystals on polished cross-sections. In
order to maximize the amount of sample in each field of view, the polished crosssections of the solid product were prepared by embedding pressed pellets of the
pulverized solid in epoxy resin. Polished cross-sections were obtained by mechanical
lapping. All imaging was performed without coating the samples.
Qualitative Energy Dispersive Spectroscopy (EDS) data were obtained using a 200 pA
probe of electrons accelerated at 3.5 kV with an X-Max 80mm2 X-ray detector (Oxford
Instruments, Abingdon, UK). A low dose approach was followed by analyzing the
counts emitted from fields of view centered on the studied regions using a reduced
window with a size of 500

500 nm2 and scanned with a dwell time of 100 ns/pixel.

Prior to analysis, the EDS system was calibrated on silicon.
Crystal size distribution was estimated for each synthesis time by manual analysis of
SEM pictures. A population of 580 crystals was measured in order to obtain the final
size distribution after 7 h of synthesis at 169 °C. The size of the crystals was measured
in the three crystallographic directions (a, b, c) of the MFI structure as shown in Sketch
1. The nucleation rate was obtained from the size of the largest crystals at different
synthesis times and the final size distribution of all crystals by following the method
developed by Zhdanov [21].

Sketch 1. Sketch showing the three main directions of the flat tablet-shaped crystals.

5

Crystallinity was examined by X-ray diffractometry (XRD) using an Empyrean X-ray
Diffractometer (PANalytical B.V., Almelo, The Netherlands) 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 50º with a
step size of 0.026º.
Thermogravimetry (TG) data was recorded using a STA 449C Jupiter instrument
(Netzsch-Gerätebau, GmbH, Selb, Germany) coupled with a Netzsch Aeolos QMS
403C mass spectrometer (MS). Samples were placed in an alumina crucible and heated
from room temperature to 700 °C at a heating rate of 10 °C/min in helium atmosphere.
Dynamic light scattering (DLS) data was recorded using a Zetasizer Nano-ZS
instrument (Malvern Instruments Ltd., Worcestershire, U.K.).
Results
Description of the system
As reported earlier [20], hydrothermal treatment of the investigated gel leads to the
formation of flat tablet-shaped ZSM-5 crystals. A typical crystal after synthesis
completion is shown in Fig.1(a). We also showed elsewhere [19] that this system gives
rise to the formation and development of a gel, while small amounts of quartz,
orthoclase and muscovite originating from natural kaolin remain undissolved. The gel
forms within 2 h of hydrothermal treatment at 169 C. At this stage, the gel achieves its
final size and the concentrations of silicon and aluminium in the liquid are relatively
constant during the remaining crystallization process.
As shown in Fig.1(b), the gel exhibited a continuous three-dimensional network
resembling a sponge-like structure. Interestingly, it was possible to identify growing
ZSM-5 crystals by XHR-SEM in certain parts of the gel already after 2 h of synthesis,
even though no crystallinity was observed by XRD. As shown in Fig.1(c), an individual
crystal (region 1 in Fig.1(b)) could be identified by its morphology and also by EDS
from the high carbon and nitrogen signals emanating from NBA in the zeolite contrast
to the gel (region 2 in Fig.1(b)). No C and N from NBA is detected in the gel because it
might have evaporated during drying before it was analyzed in the SEM. NBA has a
boiling point of only 77 °C. On the contrary, the NBA molecules remain in the zeolite
6

pores even after drying, where they are held strongly by the microporous framework
with acid sites.
The flat facets of the final tablet-like crystals, representing the (010) plane, are already
present in the crystal shown in Fig.1(b). However, the overall shape of the crystal is not
symmetric and the surface is highly irregular due to the presence of asperities. SEM
images of more crystals formed after 2 h are presented in the Supplementary
information (Fig.S.1). Considering the morphology of the crystals encountered after 2 h,
it appears that the crystals first grow inside or around the gel walls. In order to gather
more information, a kinetic study coupled with microstructural observations was carried
out.

Figure 1. Scanning electron micrographs showing: (a) a final flat tablet-shaped crystal;
(b) a typical crystal found among the gel network after 2 h of synthesis time; (c) EDS
spectra of the crystal (region 1) and the surrounding gel (region 2) labeled in (b).
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Kinetic study
The end of crystallization was determined by fitting the function

to the XRD

crystallinity curve. Here, f(C) is the fraction of zeolite formed at crystallization time t; k
is a constant which reflects the crystalline nucleation and growth rates; and n is a
constant which provides information about the zeolite nucleation and growth
mechanism [22]. For instance, n is usually around 4 in the case of gel-crystal
transformations. Figure 2(a) shows the curve fitted to the experimental data, yielding n
= 3.7. The curve also shows that crystallization was completed after 6.1 h.

Figure 2. Evolution as a function of synthesis time of: (a) ZSM-5 crystallinity: (■)
experimental data, () exponential fit; (b) nucleation rate; (c) minimum thickness of
the gel walls.
The size distribution of the flat tablet-shaped crystals was determined manually from
SEM pictures of samples collected after synthesis times from 1 to 7 h. The length in the
three crystallographic directions a, b and c were determined. The distribution in length
in the c-direction of crystals recovered after 7 h of synthesis is shown in Figure 3. The
distributions in the other two directions showed similar shapes close to a normal
distribution.
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Figure 3. Final distribution in length in the c-direction of the ZSM-5 crystals after 7 h.

Figure 4. Size evolution of the largest crystals in the different crystallographic
directions.
Figure 4 shows the evolution of the size of the largest flat tablet-shaped crystals for the
different crystallographic directions. The constant linear growth rate was determined as
explained in the Supplementary Information (Fig.S.2). Linear extrapolation to zero size,
i.e. the onset of crystallization, results in an average time of 38 min or 0.63 h (see Table
1). This represents a temperature of 162 °C, i.e. 96% of the synthesis dwell temperature
as shown in Fig.S.2. The linear growth rates in the three crystallographic directions are
also given in Table 1.

9

Table 1. Onset of crystallization and linear growth rate in the different crystallographic
directions

a (width)
b (thickness)
c (length)
Average

Onset of crystallization
(min)
39
33
41
38

Linear growth rate
(µm/h)
0.34
0.23
0.40

By assuming a constant growth rate independent of crystal size, it is possible to derive
the nucleation rate as a function of time from the final size distribution shown in Fig.3.
The resulting nucleation rate curve is shown in Fig.2(b). Maximum nucleation rate is
observed between 1.5 and 2 h of synthesis time. The minimum thickness of the gel
walls as a function of synthesis time is shown in Fig.2(c). By comparing Fig.2(b) and
Fig.2(c), it is evident that most of the nucleation occurred during the formation of the
gel and the intensive growth of the gel walls.
Microstructural study
Considering that after 2 h of synthesis, most of the crystals have already nucleated, it
was remarkable that only a few crystals corresponding to the largest crystals of the
population could be observed by SEM of the outer surface of the gel network as in
Fig.1(b). Therefore, cross-sections of the dried gel material after completion of gel
growth were investigated. Profiles of ZSM-5 crystals fully or partially embedded inside
the gel phase were observed (Fig.5(a) and Fig.S.3). This strongly suggests that the
smaller crystals are fully embedded inside the matrix when the gel formation has
completed after 2 h. Of course, no straight conclusion can be drawn as only twodimensional profiles are observed on the cross-sections and not the full volume of the
crystals. Nevertheless, this possibility was supported by the observed complete
entrapment of the quartz and orthoclase particles. These compounds could be detected
by XRD and only be observed by SEM on polished cross-sections as shown by the
white arrows in Fig.5(b). In contrast, the muscovite clay platelets were not incorporated
into the gel as indicated by the dashed arrows. These observations suggest that the gel
precipitates on ZSM-5 crystals, quartz and orthoclase, but not on muscovite.
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Figure 5. Scanning electron micrographs on a polished cross-section of the gel after 2 h
revealing: (a) the profile of a ZSM-5 crystal embedded in the gel; (b) the presence of
mineral particles trapped inside the gel, white arrows: orthoclase/quartz, dashed arrows:
muscovite clay.
After 3 h of synthesis, numerous crystals are visible and still connected to the gel
network (see Fig.S.4). Fig.6(a) and Fig.6(b) show an examination on cross-sections of
flat tablet-shaped crystals synthesized for 3 h. In Fig.6(a), a cross-section close to
parallel to the b-direction shows a rectangular crystal with flat facets as long sides and
irregular convex short sides due to the asperities observed in Fig.1(b). In the crosssection perpendicular to the b-direction shown in Fig.6(b), the crystal exhibit profiles
close to ellipsoids with an irregular circumference created by the surface asperities.
Interestingly, cross-sections running through the zones of contact between crystals and
the gel reveal concave surfaces, as indicated by the arrows in Fig.6(c) and Fig.6(d) (also
in Fig.S.5). These observations show that contacts with the gel undoubtedly retard
crystal growth.
Furthermore, the embedded parts of the crystals were often found to exhibit straight and
smooth facets, as shown in Fig.6(e) (also in Fig.S.6). This observation was confirmed
by dissolution of the gel by a 1 M ammonia solution. Partial removal of the gel revealed
that the twinned crystals shown in Fig.6(f) possessed surfaces without asperities inside
the gel. These smoother surfaces indicate slow growth of the crystals inside the gel or
earlier growth in the solution with subsequent entrapment in the gel during gel
formation.
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Figure 6. SEM images of: (a-e) cross sections of gel and crystals after 3 h of synthesis
showing: typical cross-sections of crystals with fully developed shape, (a) parallel and
(b) perpendicular to the thickness direction; cross-sections of crystals with zones of
contact with the gel, (c) parallel and (d) perpendicular to the thickness direction; The
pair of arrows indicates concave surfaces and point at the interface gel/crystal regions
close to the solution; (e) cross-section of a crystal partially embedded inside the gel. (f)
ZSM-5 crystal after 2 h and partial dissolution of the gel by a 1 M ammonia solution.
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Thermogravimetric study
In order to investigate the possibility of growth inside the gel by direct gel
transformation, the presence of NBA inside the gel after 2 h and in the final ZSM-5
crystals was investigated by TG-MS (Fig.7).

Figure 7. (a) Thermal gravimetric measurements on the gel after 2 h and the final
crystals. (b-c) DTG: corresponding first derivatives of the TG curves shown in (a) and
mass spectrometry results for: (b) crystals; (c) gel.
As shown in Fig.7(a)), the crystals lost 7.9 wt% and clearly exhibited two main weight
loss events, which were found to coincide with the increase of ion masses 73 and 12 in
Fig.7(b). The corresponding peak of the 1st derivative of the weight loss at about 200 °C
(DTG in Fig.7(b)) corresponds to removal of adsorbed NBA from the zeolite pores and
the second at about 470 °C to the decomposition of protonated n-butylamine (NBAH+)
[23], presumably adsorbed at the acid sites of the zeolite. In comparison, the gel was
found to lose 10.4 wt% upon heating to 700 °C (Fig.7(a)). This weight loss was
characterized by a marked evolution of water below 200 °C (ion mass 18, Fig.7(c)) and
air in the entire investigated temperature range (ion mass 32, other air related ion
13

fragments not shown here). However, no NBA (ion mass 73) or carbon (ion mass 12)
was detected as shown in Fig.7(c) in contrast to the zeolite crystals. Because the boiling
point of NBA is 77 C, all NBA must have evaporated during drying of the gel at room
temperature. This furthermore indicates that the concentration of acid sites in the gel is
low. However, it seems highly unlikely that the non-dried gel is free from NBA, since
NBA is water-soluble and silica gels are hydrophilic and porous.
Discussion
A configuration of crystals entrapped inside the gel can only be explained by two
nucleation and growth mechanisms:
1) Nucleation and growth inside the gel
2) Nucleation and growth in solution until the early crystals are entrapped inside the gel.
The microstructural evidences presented above clearly establish that crystal growth is
retarded by the presence of the gel. Henceforth, growth must be solution mediated,
which is more compatible with mechanism (2). The smooth surfaces and straight facets
observed for the embedded part of the crystals in Fig.6(e) and Fig.6(f) are also in favor
of mechanism (2). The crystals must have grown in solution at an early stage before the
gel walls were sufficiently thick for entrapment to occur.
Slow growth, of course, might have occurred in the gel, especially if NBAH+ was
present in the gel and/or could be supplied from solution, as the final crystals were
found by EDS to be in the NBAH+ form with an absence of sodium1. Therefore, it is
still unclear to what extent crystal growth was inhibited by the gel.
In order to better compare crystal size and size of the gel walls, the size of the largest
observed crystals is indicated by the dashed rectangles in the SEM images showing the
gel walls after 1 and 2 h in Fig.8(a) and Fig.8(b), respectively. It is evident that the gel
walls are never sufficiently thick to fully entrap the largest crystals, which are larger
than the gel walls. Therefore, direct gel transformation required by mechanism (1) can

1

It is noteworthy that the faint sodium peak in Fig.1(c) can be explained by diffusion of sodium from the
gel during EDS.
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be ruled out. Partial gel entrapment must have resulted instead in the configuration
shown in Fig.1(b) and Fig.6(f) when the gel walls were the thickest, i.e. 2 h.
Figure 8(b) also shows as a dotted rectangle the size of the largest crystals formed at
maximum nucleation rate (i.e. 1.68 h) after 2 h. At this stage, the majority of the crystals
must have exhibited a size comparable to that of the dotted rectangle. The size of this
rectangle is several times smaller than the thicker regions of the gel network. Therefore,
the majority of the crystals were trapped when the gel phase stopped growing.
Considering that growth of these crystals must have been inevitably retarded by the gel
as evidenced above, the actual distribution of the nucleation events shown in Fig.2(b)
might have been narrower and shifted towards earlier times. In fact, there is a possibility
that nucleation might have occurred as a burst as soon as the dwell temperature of the
hydrothermal treatment was reached. Our results illustrate the limitation of the widelyused method developed by Zhdanov to derive nucleation rate [21] if a gel phase is
present. Crystal entrapment by the gel and retarded growth has to be considered.

Figure 8. Scanning electron micrographs showing the evolution of the gel structure as a
function of time: (a) 1 h; (b) 2 h. Dashed rectangle: size of the largest crystals, dotted
rectangle: size of the crystals formed at maximum nucleation rate.

Conclusions
The synthesis of flat tablet-shaped ZSM-5 crystals from kaolin in a system using nbutylamine as a structure directing agent was studied. The kinetic study indicated that
the nucleation of the majority crystals occurred concurrently with the formation of the
15

gel upon heating the starting liquid suspension. Microstructural evidences undeniably
showed that the gel precipitated on ZSM-5 crystals and mineral impurities originating
from kaolin. As a result, crystal growth was retarded by gel entrapment, as indicated by
the configuration and morphology of the embedded crystals. The results presented
herein are only compatible with solution-mediated nucleation and growth. Our
observations differ from the autocatalytic model. It is not nuclei that were found to lie
dormant inside the gel in this work, but instead crystals that formed in an early stage
before entrapment inside the gel. These results illustrate the limitation of Zhdanov’s
method to determine nucleation profiles when entrapment of the crystals inside the gel
occurs.
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Supplementary information

Figure S.1. XHR-SEM micrographs showing the highly irregular surface of the crystals
due to the presence of asperities after 2 h of hydrothermal synthesis.
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Determination of the linear growth rate
As usual for zeolite crystallization, a constant linear growth rate for the length, width
and thickness of the crystals can be observed in the raw data of Figure 4. However,
extrapolation to zero size yields a nucleation time close to a few minutes, which is not
really realistic considering that the heating rate inside the autoclave shown in Fig.S.2. It
takes 0.9 h to reach synthesis temperature. Since growth rate is known to be temperature
dependent, growth during the first 0.9 h cannot occur at the same rate as that achieved at
maximum temperature. Accounting for the effect of temperature would lead to
“negative” times for the onset of crystallization. This type of inconsistency is usually
explained by the difficulty to really find the largest crystals in a sample [24]. In order to
tackle this issue, we chose to only consider two points for extrapolation of the onset of
crystallization. The first point was the maximum crystal size observed at any time after
completion of crystal growth. This maximum size was considered to be reached exactly
at synthesis completion, i.e. 6.1 h. The second point was the maximum crystal size
reached after 2 h, since the only crystals that can be found at this stage are the largest
crystals.

Figure S.2. Heating curve inside the autoclave for an oil bath temperature of 169 °C
using water or low-viscosity oil inside the autoclave.
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Figure S.3. SEM images of cross sections of the crystals after 2 h showing partial
embedment inside the gel.
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Figure S.4. SEM image showing the gel and the development of crystals after 3 h of
synthesis.
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Figure S.5. SEM images of cross sections of the crystals after 3 h of synthesis time on
showing concave surfaces at the contact between the gel and the crystals (indicated by
the arrows).
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Figure S.6. SEM images of cross sections after 3 h showing crystals embedded inside
the gel with straight and smooth surfaces (indicated by the arrows).
.
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Abstract

Crystallization of ZSM-5 from a gel using n-butylamine (NBA) as structure directing was
investigated. In particular, the mechanisms behind Al-zoning and dendritical growth of the
crystals were studied. The diminishing Si/Al ratio from the center to the outer surface of the
crystals was related to a steady decrease in Si/Al ratio in the gel during the course of
synthesis. Observations by high-resolution transmission and scanning electron microscopy
revealed for the first time the inhomogeneous consumption of the gel walls during crystal
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growth. The biphasic structure of the gel results in that the silicate-rich matrix is consumed
first, while an increasing fraction of alumina-rich nanoparticles are utilized later in the growth
process. In addition, observations evidenced the presence of a web comprising alumina-rich
nanoparticles, likely stemming from the gel, at the surface of the crystals. This web seems to
retard crystal growth and is responsible for the formation of dendrites. Our results also
support that growth of the ZSM-5 crystals in this system occurs by transportation of the
growth nutrients through the liquid phase.

1. Introduction
Zeolites are aluminosilicates with well-defined microporous structures, which acts as shape
selective molecular sieves. The zeolite framework is thermally stable and provides properties
such as acidity, ion exchange capacity and large surface area. These properties render zeolites
useful for application in different fields such as catalysis, ion exchange and adsorption
processes. It is important to point out that these features are affected by the morphology of
the crystals. ZSM-5 is a zeolite of the MFI type with applications in the petrochemical
industry and gas separation processes. By controlling the morphology of MFI crystals, the
selectivity in catalysis and the mechanical strength have been enhanced [1]. Hence, several
studies have focused on the importance of controlling the synthesis parameters (e.g. the initial
source of aluminosilicates [2], Si/Al molar ratio [3] type of solvent [4], template [5], presence
of seeds [6, 7], etc.) during the crystallization process to obtain zeolite crystals with the
proper morphology for a specific application.
The synthesis of ZSM-5 single crystals has aroused great interest because it can be used to
gain knowledge on adsorption and diffusion processes [8, 9] by understanding the internal
structure of ZSM-5 crystallites [9] and the spatial distribution of elements in the crystals [10].
In particular, a homogeneous distribution of the Si/Al ratio is required in order to achieve
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constant acidic properties throughout the crystals and therefore an optimal utilization of the
catalyst.
However, large single crystals of ZSM-5 usually contain an inhomogeneous aluminium
distribution. For instance, von Ballmoos and Meier [11] reported the first aluminum profiles
of ZSM-5 single crystals synthesized using tetra propyl ammonium ions as template. The
profiles showed that there was an aluminum gradient, so called “aluminium zoning”, a strong
enrichment of aluminum in the outer shell of the crystals. Since then, several works [10, 1214] have shown that “aluminium zoning” is present in ZSM-5 crystals larger than 0.5 µm.
Various explanations have been proposed for the origin of the non-uniform distribution of
aluminium and in particular the alumina-rich outer rim present in single-crystals. Derouane
and Gabelica proposed a liquid-mediated mechanism, during which nucleation and early
growth occurs by using the silica species in solution. Later, the role of growth nutrients being
transferred to the aluminosilica gel after depletion of the species in solution [15]. In contrast,
gel nucleation, yielding a homogeneous profile, followed by subsequent growth from the
solution was suggested by Chao and Chern [12] in order to explain the heterogeneous profile
observed after longer reaction times. Alternatively, van Bokhoven et al.[10] proposed the
questionable deposition of aluminum on the surface of the crystals during cooling of the
synthesis mixture. In an interesting investigation, Unger et al. showed that the interactions of
the aluminosilicate species with organic structure-directing agents and alkali ions play an
undeniable role on Al-zoning. However, this study assumed homogeneous reaction of the
nutrients stored in the gel without considering possible compositional inhomogeneities
occurring during the formation of the gel phase [13].
Recently, we reported on the crystallization of flat tablet-shaped single crystals of ZSM-5
from a gel using n-butylamine as a template [16]. During the induction period, the process
was characterized by the formation of a gel phase, which was shown to exhibit an

3

inhomogeneous internal structure [17]. In the present study, we relate for the first time the
structural and compositional inhomogeneties of the gel phase to the Al-zoning and dendritic
features observed in the zeolite crystals obtained in this system.
2. Experimental Section
Materials
Kaolin (Riedel de Haen, proanalysis), diatomite (Murmuntani zone in the locality of Llica,
Potosi, Bolivia), fumed silica (Sigma Aldrich, reagent grade, 99.9%, powder 0.007 µm),
sodium hydroxide (Sigma Aldrich, reagent grade, ≥98%, anhydrous pellets), sodium
aluminate (Sigma Aldrich, technical grade, anhydrous powder), n-butylamine (NBA, Sigma
Aldrich, 99.5%) and hydrochloric acid (Merk, proanalysis grade. 37%) were used as reagents.
Amorphous carbon wafers (HTW Hochtemperatur-Werkstoffe GmbH, Tierhaupten,
Germany) of 20  10  1 mm3 were used for seeded growth of zeolite films. The method for
the preparation of the silicalite-1 nanocrystals and seeding developed by Heldund et al. [18]
was followed. To summarize, an aqueous solution of a cationic polymer was used in order to
attach the seeds to the carbon wafers. The wafers were rinsed with a 0.1 M ammonia solution
to remove the excess of polymer and seeds after the first and second immersion steps,
respectively. In the next step, films were grown by hydrothermal treatment as described
below.
Hydrothermal synthesis and characterization
Kaolin was calcined in a porcelain crucible at 750 °C for 2 h to obtain metakaolin.
Diatomite and fumed silica were not calcined. Acid leaching of metakaolin or diatomite was
performed with 3 M hydrochloric acid under reflux conditions in a thermostated oil bath
maintained at 115 °C for 150 min (solid-to-acid weight ratio of 1:17). Subsequently, the
suspension was quenched and the acid leached product was washed with distilled water by
repeated filtration until the pH reached a value close to 7. Synthesis suspensions were
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prepared by mixing the aluminosilicate sources with distilled water, n-butylamine (NBA) and
sodium hydroxide. The molar composition was: Na2O/SiO2 = 0.18; SiO2/Al2O3 = X;
SiO2/NBA = 7; H2O/SiO2 = 30, where X = 33 for kaolinite and 44 for diatomite. In the case
of fumed silica, the molar composition of the synthesis suspension was the same as in the
case of kaolin, and the alumina source was sodium aluminate. After aging the synthesis
suspension for 24 h by stirring at room temperature, hydrothermal treatment was carried out
in Teflon lined stainless steel autoclaves for different times in an oil bath kept at 165 or 169
°C. After different synthesis times, the crystallization process was stopped by quenching the
autoclave with cold water. On the one hand, the supernatant liquid was carefully separated
and filtered through a syringe filter with a pore size of 0.2 µm. On the other hand, two
different batches of leached metakaolin (LMK) were used in order to produce two complete
sets of samples in order to study the influence of washing on the solid. One set was unwashed
and dried at room temperature in air for 48 h; the other was washed with distilled water
directly after synthesis several times followed by air drying at 60 °C overnight. Due to the
variability of the natural kaolin, the LMK batches required different synthesis times to reach
completion (i.e. 8.2 h and 6.1 h). Therefore, the results as a function of time presented herein
are given with respect to the normalized synthesis time: t*, i.e. the time elapsed in
comparison to the synthesis time required for completion. Moreover, in order to remove
variations due to the variability of natural kaolin and observe a clear trend in the evolution of
the Si/Al ratio in the unwashed gel, the results were corrected by using the values obtained
after washing thoroughly the very same unwashed samples with water (Table S.1 and Table
S.2).
Seeded growth of films was performed by introducing the seeded wafers held by a Teflon
stand into the synthesis mixture inside the autoclave. Three seeded wafers were assembled in
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the manner described in Sketch 1 and held in the upright position by a special holder in PTFE
in the autoclave.

Sketch 1. Sketch showing the assembly of the cross-sections of the 3 amorphous carbon
wafers.
To determine the overall composition of the solid and liquid phases, inductively coupled
plasma sector field mass spectrometry (ICP-SFMS) was used. For the solid phase, the
analysis was carried out by dissolution in HNO3 of a melted mixture of 0.1 g of sample and
0.375 g of LiBO2. In the case of liquid, the samples were diluted by a factor of 100 and the
sample was analyzed without any additional treatment.
The crystallinity of the washed samples was determined by X-ray diffraction (XRD) using
a PANalytical Empyrean X-ray Diffractometer equipped with a PIXcel3D detector and Cu
LFF HR X-ray tube with a graphite monochromator. The investigated 2θ range was from 5 to
50º at a scanning speed of 0.026 º/s. The X-ray tube was operated at 45 kV and 40 mA.
The morphology of the solid samples was investigated with extreme high resolution –
scanning electron microscopy (XHR-SEM) using a Magellan 400 (FEI Company, Eindhoven,
6

the Netherlands) instrument. The electrons in the beam used for imaging had a landing
energy of 1 or 3 keV. A bias voltage of -2 kV was applied on the sample stage when a
landing energy of 1 keV was used. Partially fractured surfaces of crystals were obtained by
pressing tablets with a diameter of 10 mm using a manual hydraulic press under a pressure of
5 ton.
In addition, the local composition was determined by energy dispersive spectroscopy
(EDS) on a Merlin SEM (Carl Zeiss, Oberkochen, Germany) instrument equipped with an XMax 50mm2 X-ray detector (Oxford Instruments, Abingdon, UK). The Si/Al ratio of crosssections of crystals was measured using an acceleration voltage of 3.5 kV. The measurements
were performed at locations illustrated by the sketches shown in Figure S.1. The distribution
of the Si/Al ratio along the average semi-axis of the flat tablet-shaped crystals with elliptical
base was first determined as a function of distance from the crystal center. Subsequently, this
distance was converted into synthesis time by using the growth rates for the length and
thickness directions determined in our previous work [19]. EDS measurements on the gel
walls were performed as explained elsewhere [17].
High resolution-transmission electron microscopy (HR-TEM) characterization was carried
out by using a JEOL JEM-2100F TEM (Jeol Ltd. Tokyo, Japan) instrument at an operating
voltage of 200 kV. The samples were prepared by crushing the solid in a mortar followed by
dispersion in propanol for 2 min by ultrasonication. Finally, one drop of the suspension was
placed and dried on a holey carbon film supported by a TEM copper grid.
Nitrogen gas adsorption on the 3 times-washed solid phase was measured with a
Micromeritics ASAP 2010 analyzer after degassing the samples at 300 ºC for 12 h. The
surface area was estimated using the BET equation.
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3. Results
Stages of crystallization
The formation of dispersed single crystals of ZSM-5 shaped as flat tablets from leached
metakaolin during synthesis at 169 C has been reported in our previous work [19]. The
crystallization process can be divided into four different stages (Fig.1(a)).

Figure 1. Evolution as a function of normalized synthesis time (t*) of: (a) ZSM-5
crystallinity (fc); (b) minimum thickness of the gel walls (* measured on gel fragments); (c)
BET surface area; (d) squares: Si/Al ratio at the surface of 5 crystals derived from polished
cross-sections, circles: Si/Al ratio of the unwashed gel, dashed line: average Si/Al ratio in the
washed gel samples.
During Stage I, a gel forms upon heating of the synthesis mixture. This results in a growing
spongeous gel network achieving constant wall thickness at the end of stage I (Fig.1(b)). The
ZSM-5 crystals nucleate and start to grow during formation and growth of the gel. As a
result, most of the crystals are entrapped inside the gel and crystallization is retarded, as
indicated by the irregular shape of the crystals during stage II (Fig.2(a-c)). Crystallinity is
detected by XRD from the beginning of stage II to the end of stage IV. In parallel, the BET
surface area of the washed solid decreases during this period (Fig.1(c)). As the micropores of
the zeolite crystals are inaccessible to nitrogen adsorption due to the NBA template
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molecules, this indicates that the highly porous washed gel with high surface area is gradually
consumed for the growth of the zeolite crystals. As a result, the spongeous gel network
collapses into fragments at the transition between stage II and III due to weakening of the gel
walls. Stage IV corresponds to ripening of the crystals.

Figure 2. SEM images of the crystals at different synthesis time during: (a-c) stage II at t* =
0.33, 0.49, 0.66; (d-e) stage III at t* = 0.82 and 0.98; (f) stage IV at t* = 1.15. ROI 1 and 2
are shown at higher magnification in Figure 4. All solids were washed.
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Al zoning
Fig.1(d) shows the Si/Al ratio at the surface of five crystals as a function of normalized
synthesis time. All investigated crystals were found to exhibit similar aluminium zoning. The
Si/Al ratio ranges from 25 to 27 in the beginning of synthesis, i.e. in the core of the crystals,
but decreases gradually to values between 15 and 17 at the outer surface of the final crystals
after completion of the synthesis. The average Si/Al ratio of the entire volume of the five
crystals was 19.4 0.5 (see Fig.S.1).
The Si/Al ratio in the unwashed gel walls as a function of normalized synthesis time is also
shown in Fig.1(d). The Si/Al steadily decreases from 19.2 to 15.7 during stage II and more
rapidly drops to 13.2 during stage III. The similar Si/Al ratio obtained in the unwashed gel
walls at the beginning of crystallization and in the entire volume (i.e. average Si/Al ratio) of
the final crystals (i.e. 19.2 and 19.4, respectively) indicates that the gel served as nutrient pool
for crystallization during stage II and III. In addition, the aluminium zoning observed in the
crystals seems to be related to the compositional changes occurring in the gel during
synthesis.
Internal structure of the gel
In our previous study [17], we unveiled the internal structure of the gel after complete gel
formation, i.e. at the transition between stage I and II. The walls of the spongeous gel
network were found to be dense and biphasic. A mesoporous skeleton of nanoparticles with a
Si/Al ratio of 13 is filled with a matrix of soft matter that is silicate-rich, which results in an
overall Si/Al ratio of 20 inside the gel walls. The skeleton of nanoparticles is responsible for
the high BET specific surface area observed after washing (see Fig.1(c)) and the constant
Si/Al ratio of 13 measured on washed fragments of the gel at any synthesis time, as shown by
the dashed line in Fig.1(d).
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Figure 3(a) shows TEM images of a typical fragment of the unwashed gel at the end of
Stage II. The structure is clearly mesoporous, which indicates that parts of the gel walls were
consumed in the crystallization process. This is also confirmed by the cross-section of the gel
walls shown in Fig.3(b) and imaged by XHR-SEM. Cavities were clearly formed throughout
the interior of the gel walls, which shows that the gel walls are not consumed gradually by
dissolution of the outer surface as often assumed. Besides, the Si/Al ratio in the last
fragments of the unwashed gel present during stage III is similar to that of the skeleton of
nanoparticles, i.e. around 13 in both cases. This suggests that only the skeleton of
nanoparticles or parts of it remains in the last fragments of the gel. Therefore, the silicate-rich
matrix is preferentially consumed first, which causes the appearance of internal porosity
inside the gel walls during the course of synthesis.

Figure 3. Micrographs of the unwashed gel at the end of stage II: (a) HR-TEM; (b) XHRSEM The dotted rectangle in the inserted low magnification image in (a) indicates where the
high magnification image was recorded on the gel fragment.
Dendrites
During stage II, asperities are observed on the lateral surface of the flat tablet-shaped
crystals (Fig.2(a-c)). These asperities disappear during stage III and IV and the crystal
surfaces become smoother (Fig.2(d-f)). The same type of surface asperities was observed in
the same system using diatomite (Fig.S.2(a)) or fumed silica (Fig.S.2(b)) as silica sources.
The single crystalline nature of these asperities was confirmed by HR-TEM. Fig.4(a) shows
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the surface of a growing twinned crystal obtained in the diatomite system after 8 h of
synthesis (see Fig.S.3 for more details). The central part of the crystal was aligned close to
the [100] zone axis of the ZSM-5 structure [18], as shown by the fast Fourier transform (FFT)
inserted in Fig.4(a). From the single-crystallinity of the asperities shown in Fig.4(a) and the
continuity of the asperities with the bulk of crystals revealed by the fracture surface in
Fig.4(b), it is clear that the lattice of the crystal extends into the asperities. Therefore, growth
during stage II appears to have a dendritic character.

Figure 4. (a) HR-TEM micrograph of a growing crystal in the diatomite system after 8 h
synthesis with corresponding FFT inserted; (b-d) XHR-SEM images: (b) unwashed crystal
partially fractured from the diatomite system after 8 h synthesis at 165 °C, (c) and (d) higher
magnification pictures of ROI 1 and ROI 2 in Fig.2(c), respectively.
Interdentritic phase
Interestingly, a third phase was identified by XHR-SEM between the asperities or dendrites at
the surface of the crystals, as shown in Fig.4(b). It did probably not originate from
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precipitation from the liquid phase during drying, since it was observed systematically
between the dendrites in all systems, even after washing the crystals thoroughly with distilled
water directly after quenching of the autoclave. This phase was found to consist of a web of
nanoparticles on unwashed and washed crystals (Fig.4(b) and Fig.4(c), respectively) and to
be continuous to the gel phase (Fig.4(d) and Fig.S.4). Hence, the interdendritic phase and the
skeleton of nanoparticles evidenced in the gel walls seem to be identical.
It is unclear if the interdendritic phase is a simple skin of remaining gel or if it is steadily
replenished. Nevertheless, it is always present and continuous as long as the crystals share
direct contacts with the gel phase, as this phase and dendrites with comparable size are
always present at the surface of the crystals, even though the outer surface of the crystals
increases significantly during stage II (Fig.2(a-c)).
Seeded growth of films
Figure 5 shows typical microstructures of the films obtained by hydrothermal treatment
during a period corresponding to the duration of stage I. On the wafer fully exposed to the
synthesis mixture (Region 1 in Sketch 1), two different microstructures could be found. In
regions where the gel was in direct contact with the film (Fig.5(a)), the surface of the film
appears identical to that of the crystals growing within the gel phase during stage II (Fig.2(ac)). There exist valleys between dendrites with the interdendritic phase at the bottom
(Fig.5(b)). In contrast, the valleys were narrower (Fig.5(c)) and the dendrites appeared
squarer (Fig.5(d)) in regions where there were no connections to the gel in the vicinity.
However, an interdendritic phase could not be observed in this case but it may of course still
exist in these very small voids. Surprisingly, the film that was covered by the other wafers
(Region 2 in Sketch 1) was smoother without dendrites, as shown in Fig.5(e). These
observations strongly suggest that the formation of dendrites is related to the direct exposure
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of growing crystals to the gel phase and the presence of the interdendritic phase originating
from the nanoparticles of the mesoporous skeleton of the gel.

Figure 5. Low and high magnification XHR-SEM images of the film grown by seeding until
the end of stage I: in Region 1 with (a-b) and without (c-d) anchoring of the gel network in
the vicinity; (e-f) in Region 2.
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4. Discussion
Origin of the Al zoning
The results indicate that the biphasic internal structure of the gel is the direct cause of Al
zoning of the ZSM-5 crystals. The silicate-rich matrix of the gel walls is preferentially
consumed in the beginning of the crystallization process and the last gel fragments only
consist of the skeleton of alumina-rich nanoparticles. This inhomogeneous consumption of
the gel is corroborated by the limited decrease of the specific surface area of the washed gel
comprising the skeleton of nanoparticles during the first half of the crystallization process,
i.e. stage II (Fig.1(c)). Even though 50% of the gel was converted to crystals during this
stage, the spongeous network of the gel remains continuous and the gel mass maintains its
original size and shape as only a small fraction of the skeleton of nanoparticles are consumed
for crystal growth during this stage.
However, although the fully developed gel at the end of stage I and the final crystals
exhibit the same overall Si/Al ratio, the Si/Al ratio measured across the crystals is constantly
higher than that inside the gel for the corresponding synthesis time (Fig.2(d)). This is
compatible with the fact that varying proportions of the silicate-rich matrix and the skeleton
of nanoparticles are consumed along the crystallization process, i.e. less silicate-rich matrix
and more nanoparticles with increasing synthesis time. Besides, the distribution of the Si/Al
ratio values over the cross-sections of the individual crystals (see Fig.S.1) shows that only
certain regions of the outer rim of the crystal exhibit values close to 13. These correspond
most probably to the last regions of contact between the gel and the crystals.
Origin of the dendritic growth
From the results presented above, it might be tempting to couple the direct participation of
the interdendritic phase to the growth process. However, the investigation of cross-sections of
the films with and without dendrites indicates that both types of films were equivalent in
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terms of distribution of Si/Al ratio, as shown in Fig.6(a) and Fig.6(b). As the interdendritic
phase seems to originate from the aluminium-rich skeleton of nanoparticles, which exhibits a
Si/Al ratio of 13, a lower Si/Al ratio would have been expected in regions with dendrites,
unless the crystals mostly grow from nutrients in solution.
Nonetheless, the cross-sections in Fig.6(a) and Fig.6(b) revealed differences in thickness.
Surprisingly, the region without dendrites that was screened from direct exposure to the gel
phase was thicker, while the dendritic growth process caused a thinner film with the
formation of tortuous grain-boundaries in the upper part of the film. Therefore, the identified
interdendritic phase clearly retards crystal growth and can be held responsible for the
dendritic growth. The web of nanoparticles originating from the gel forces crystal growth to
occur at separate locations creating meshes and causing the formation of asperities. This
observation also supports that the crystals grow from nutrients provided by the solution.

Figure 6. SEM images of cross-sections of the films obtained by hydrothermally treating
seeded wafers of amorphous carbon inside the synthesis mixture for 2 h: (a) with dendrites in
Region 1; (b) without dendrites in Region 2. The inserted values correspond to local
composition data obtained by EDS in terms of Si/Al molar ratios. The dashed lines indicate
the approximate original position of the seed layer.
Consequently, the results suggests that growth of the ZSM-5 crystals in the investigated
system occurs by transportation of the nutrients through the liquid phase and that the gel
phase retards crystal growth, as previously demonstrated in a previous work [19]. However,
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the protuberances of the dendrites (Fig.4(b)) and the roughness at the nanoscale of the
crystals grown without formation of dendrites (Fig.5(f)) suggest kinetic roughening or the
participation of an intermediate in the form of nanoparticles. Rough interfaces and dendritic
structures are usually held as evidences of adhesive growth in the field of zeolite
crystallization [20, 21]. Since protonated NBA is required for stabilizing the zeolite pores
[15], NBA might have reacted with the gel nutrients at some point in order to form inorganic
organic composite species (IOCS) as an intermediate phase for crystal growth. However,
further investigations are required in order to the presence of roughness of the growth
interface.
5. Conclusions
The diminishing Si/Al ratio from the center to the outer surface of the crystals formed in
the system investigated herein was related to the steady decrease in Si/Al ratio in the gel
during the course of synthesis. Observations by electron microscopy revealed for the first
time the inhomogeneous consumption of the gel walls during crystal growth. The biphasic
structure of the gel results in that the silicate-rich matrix is consumed first, while an
increasing fraction of alumina-rich nanoparticles are utilized later in the growth process. In
addition, observations evidenced the presence of a web comprising alumina-rich
nanoparticles, likely from the gel, at the surface of the crystals. This web retard crystal
growth and is responsible for the formation of dendrites. Our results also support that growth
of the ZSM-5 crystals in this system occurs by transportation of the growth nutrients through
the liquid phase.
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Figure S.1. Individual crystals with sketches of cross-sections and distribution of the Si/Al
values and different shells to calculate the average values shell by shell and in the entire
crystals.

Figure S.2. XHR-SEM images of the early crystals in: (a) diatomite system after 5 h; (b)
fumed silica system after 12 h. The inserted pictures correspond to typical final crystals.

20

Figure S.3. SEM and TEM micrographs showing different regions of the surface of a
twinned crystal obtained in the diatomite system after 8 h.
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Figure S.4. XHR-SEM micrographs recorded at 1 keV landing energy showing crystals
among the gel obtained in the kaolinite system after 2 h of hydrothermal synthesis and drying
at room temperature for 24 h.
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Table S.1. Evolution of the Si/Al ratio in the gel after direct washing (Batch 1) and after
room temperature (RT) drying and post-washing (Batch 2). Determined by EDS at 3.5 kV.
Time (h)

2

3

4

5

6

7

Average

Batch 1

13.2 13.4 13.8 12.1

12.9

Batch 2

13.4 13.2 11.5 12.5 14.0 13.8

13.1

The evolution of the Si/Al ratio in the gels after direct or post-washing is shown as a function
of synthesis time in Table S.1. In both cases, the Si/Al ratio oscillates around an average
value close to 13. The spread of the values is thought to be related to slight variations in
terms of composition and content of the impurities contained in the starting kaolin or slight
changes in the experimental set-up.
Table S.2. EDS results at 3.5 kV of the Si/Al ratio as a function of synthesis time in the gel
that was unwashed and subsequently post-washed.
Time (h)

2

3

4

5

6

7

Average

Post-washed

13.4

13.2

11.5

12.5

14.0

13.8

13.1

f = Post-washed average/ Post-washed

0.98

0.99

1.13

1.04

0.94

0.95

Unwashed

19.7

18.1

15.3

16.0

16.8

14.0

Corrected Unwashed = f  Unwashed

19.2

18.0

17.3

16.7

15.7

13.2

The results for the unwashed gel were corrected for the variability of the raw material by
using the average value obtained on the post-washed gel as a reference. The raw data for the
unwashed gel was corrected by the correction factor f obtained by taking the ratio between
the average Si/Al value of the post-washed gel and the particular Si/Al value obtained for a
certain synthesis time on the post-washed gel. This method allows correction of slight
variations in Si/Al ratio caused by different content in aluminum-rich impurities (i.e.
orthoclase and muscovite) leading to different amount of aluminum released inside the
solution and consumed for the formation of the gel.
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