
Zeolites 
New Challenges

Edited by Karmen Margeta  
and Anamarija Farkaš

Edited by Karmen Margeta  
and Anamarija Farkaš

Natural resources, such as zeolite minerals, have an inexhaustible potential for 
scientific research and application. Both natural and synthetic zeolites have application 

in many researched areas including water and soil industries, biochemistry, and 
medicine due to their environmental and economic acceptability, unique structure, 

and specific characteristics. 

Over three sections, this book presents a comprehensive overview of zeolites and their 
potential applications in science. Chapters cover such topics as the history of zeolites, 
their structure and properties, layered zeolites, and use of zeolites for gas storage and 

separation as well as in veterinary medicine.

Published in London, UK 

©  2020 IntechOpen 
©  hekakoskinen / iStock

ISBN 978-1-78985-469-5

Zeolites - N
ew

 C
hallenges





Zeolites - New Challenges
Edited by Karmen Margeta  

and Anamarija Farkaš

Published in London, United Kingdom





Supporting open minds since 2005



Zeolites - New Challenges
http://dx.doi.org/10.5772/intechopen.77482
Edited by Karmen Margeta and Anamarija Farkaš

Contributors
Nandini Das, Jugal Kishore Das, Peng Wu, Hao Xu, Adalgisa Tavolaro, Silvia Catalano, Palmira Tavolaro, 
Jacques Fraissard, Mykhaylo Petryk, Mykola Ivanchov, Daniel Canet, Sebastien Leclerc, Yashonath 
Subramanian, Shubhadeep Nag, Camelia Tulcan, Simona Marc, Karmen Margeta, Anamarija Farkaš

© The Editor(s) and the Author(s) 2020
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2020 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 7th floor, 10 Lower Thames Street, London,  
EC3R 6AF, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Zeolites - New Challenges
Edited by Karmen Margeta and Anamarija Farkaš
p. cm.
Print ISBN 978-1-78985-469-5
Online ISBN 978-1-78985-470-1
eBook (PDF) ISBN 978-1-83880-850-1



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,900+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

124,000+
International  authors and editors

140M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editors

Dr. Karmen Margeta (editor) is a Senior Scientist with a BSc, 
MSc, and PhD in Chemical Engineering from the University of 
Zagreb, Croatia, where she works in the field of water treatment 
and zeolite materials. She is an expert in the fields of chemical 
(analytical) testing and environmental testing. She is involved in 
applied research related to material science for energy technol-
ogies and water treatment technologies. She has authored and 

co-authored more than 70 journal and conference papers and several book chapters. 
In 2017 she published Seawater Steam Engine as a “Prime Mover” for the Third Indus-
trial Revolution, a book that describes a radical new technology for stopping climate 
change. In 2015 Dr. Margeta was a member of the American Association of Science 
and Technology. She is also inventor of international patent WO/2013/072709. 
2017 she published a book titled “Seawater Steam Engine as a ‘prime mover’ for 
the third industrial revolution”, which technology is a scientific and technological 
breakthrough for stopping climate change.

Dr. Anamarija Farkaš (co-editor) is a Senior Research Associate 
who graduated in from the Faculty of Chemical Engineering 
and Technology, University of Zagreb, Croatia, in 1990. Since 
1994, she has been working as researcher at the IRMO in the 
Department for Resource Economics, Environmental Protection 
and Regional Development. In 2004 she obtained a PhD from 
the University of Zagreb. Dr. Farkaš’ activities are focused on 

chemistry and ecology, environmental policy, environmental engineering, environ-
mental economy, and bioeconomy. She participated in a project investigating the 
availability and ecological advisability of applying natural resources in ecological 
agriculture, forestry protection, livestock, wastewater treatment, and air pollution. 



Contents

Preface XI

Section 1
Adsorption and Diffusion Processes in Zeolite Materials 1

Chapter 1 3
Introductory Chapter: Zeolites - From Discovery to New Applications 
on the Global Market
by Karmen Margeta and Anamarija Farkaš

Chapter 2 13
Competitive Adsorption and Diffusion of Gases in a Microporous Solid
by Mykhaylo Petryk, Mykola Ivanchov, Sebastian Leclerc, Daniel Canet  
and Jacques Fraissard

Chapter 3 35
Zeolites as Chameleon Biomaterials: Adsorption of Proteins, Enzymes, 
Foods, Drugs, Human Cells, and Metals on Zeolite Membranes with  
Versatile Physics-Chemical Properties
by Adalgisa Tavolaro, Silvia Catalano and Palmira Tavolaro

Chapter 4 53
Anomalous Diffusivity in Porous Solids: Levitation Effect
by Shubhadeep Nag and Yashonath Subramanian

Section 2
Layered Zeolites 73

Chapter 5 75
New Trends in Layered Zeolites
by Hao Xu and Peng Wu

Section 3
Application of Zeolite Materials 93

Chapter 6 95
Zeolites: An Emerging Material for Gas Storage and Separation  
Applications
by Nandini Das and Jugal Kishore Das



Contents

Preface XIII

Section 1
Adsorption and Diffusion Processes in Zeolite Materials 1

Chapter 1 3
Introductory Chapter: Zeolites - From Discovery to New Applications 
on the Global Market
by Karmen Margeta and Anamarija Farkaš

Chapter 2 13
Competitive Adsorption and Diffusion of Gases in a Microporous Solid
by Mykhaylo Petryk, Mykola Ivanchov, Sebastian Leclerc, Daniel Canet  
and Jacques Fraissard

Chapter 3 35
Zeolites as Chameleon Biomaterials: Adsorption of Proteins, Enzymes, 
Foods, Drugs, Human Cells, and Metals on Zeolite Membranes with  
Versatile Physics-Chemical Properties
by Adalgisa Tavolaro, Silvia Catalano and Palmira Tavolaro

Chapter 4 53
Anomalous Diffusivity in Porous Solids: Levitation Effect
by Shubhadeep Nag and Yashonath Subramanian

Section 2
Layered Zeolites 73

Chapter 5 75
New Trends in Layered Zeolites
by Hao Xu and Peng Wu

Section 3
Application of Zeolite Materials 93

Chapter 6 95
Zeolites: An Emerging Material for Gas Storage and Separation  
Applications
by Nandini Das and Jugal Kishore Das



II

Chapter 7 123
Zeolites Applications in Veterinary Medicine
by Marc Simona and Tulcan Camelia

Preface

“There are no things that would be so valuable teaching as nature”
Nikola Tesla

Today’s global challenges such as climate change, pandemics, lack of drinking water, 
and so on, require scientists and experts to work even harder in finding answers and 
solutions to such challenges, all with the goal to protect the environment, achieving 
sustainable development as well as survival of mankind on Earth. 

Natural resources, such as zeolite minerals, have an inexhaustible potential for 
scientific research and application. Based on the research of natural zeolites, 
synthetic zeolites have been obtained in laboratory conditions, and both types have 
application in many researched areas (e.g., water, soil, industries, biochemistry, 
medicine, etc.). Scientific research is intense in still insufficiently researched areas 
of their application, such as the absorption of greenhouse gases and application of 
zeolite membranes in virology.

From the discovery of zeolites until today, scientific interest in their research 
and application has not decreased because zeolites can have a significant role in 
numerous sustainable processes due to their ecological and economical suitability 
and especially due to their unique structure and specific physical and chemical 
properties.

This book is organized into three sections: “Adsorption and Diffusion Processes in 
Zeolite Materials,” “Layered Zeolites,” and “Application of Zeolite Materials.”

The introductory chapter, “The Past, Present and the Future of Zeolite Science,” 
presents a historic overview of the discovery of zeolite materials. From the literature 
we find that the basis of mineralogy was set in 371–297 BC (Teofrast). A sudden 
increase in mineral research was noted in the eighteenth century, and based on 
Cronstedt’s observations the first properties of zeolites were discovered. Further 
research during the nineteenth century, and in parallel with the development of 
instrumental techniques, led to the discovery of new properties of zeolite materials, 
which contributed to intensive growth and production of synthetic zeolites during 
the twentieth and twenty-first centuries. A great number of scientific research, 
patents, and industrial applications of zeolites from the twentieth century until 
today enabled the growth of the global zeolite market. Climate changes, threats 
to mankind such as the COVID-19 pandemic, and changes in economic and 
political direction present new challenges for scientists and experts in research and 
application of these amazing materials.

The first section of the book addresses the understanding of the structure, 
characteristics, and physical-chemical properties of zeolites as well as diffusion 
and adsorption processes in research of zeolite materials. The second chapter 
in this section, “Competitive Adsorption and Diffusion of Gases in a Microporous 
Solid,” develops a new, fast, and accurate analytical method for the calculation 
of the coefficients of co-diffusing gases in the intra- and inter-crystallite spaces of 

XII
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microporous solid (i.e., ZSM 5 zeolite) using high-performance methods (iterative 
gradient methods of residual functional minimization and analytical methods 
of influence functions), mathematical co-adsorption models, and NMR spectra of 
each adsorbed gas in the bed.

The third chapter in this section, “Zeolites as Chameleon Biomaterials: Adsorption of 
Proteins, Enzymes, Foods, Drugs, Human Cells, and Metals on Zeolite Membranes 
with Versatile Physics-Chemical Properties,” describes the physical-chemical 
properties of zeolites (obtained by hydrothermal synthesis) in interaction with 
transition metals, proteins, enzymes, drugs, food, and human cells as well as the 
development of physicochemical properties of zeolite membranes for biomedical and 
biotechnological applications. 

The fourth chapter in this section, “Anomalous Diffusivity in Porous Solids: 
Levitation Effect” presents interesting and extensive research that describes 
deviations from standard or expected diffusion in porous solids, called the 
levitation effect. In addition to the simulation of anomalous diffusion in zeolite 
pores by guest monatomic molecules, simulation is performed on anisotropic 
molecules (n-pentane, isopentane, and neopentane).

The second section of the book contains one chapter, “New Trends in Layered 
Zeolites,” which examines a new family of microporous materials called layered 
zeolites. It presents a very interesting overview of recently developed synthetic 
methods and modifications of layered zeolites as well as possible future 
development of layered zeolites that could contribute to the expansion of the 
layered zeolite family.

The third section of the book contains two chapters that discuss scientific research 
and development of zeolite materials for application in different areas. The first 
chapter in this section, “Zeolites: An Emerging Material for Gas Storage and 
Separation Applications,” describes the development of zeolite membranes of three 
different types of zeolite material (DDR, SAPO 34, BIK) for separation of differ-
ent gas mixtures and storage of CO2. These zeolites/surface-modified zeolites and 
their membranes have potential application for environmental protection in the 
near future. The second chapter in this section, “Zeolites Applications in Veterinary 
Medicine,” provides an extensive overview of zeolite applications in veterinary 
medicine.

Karmen Margeta
University of Zagreb,

Zagreb, Croatia

Anamarija Farkaš
Institute for Development and International Relations,

Zagreb, Croatia
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Chapter 1

Introductory Chapter: 
Zeolites - From Discovery to New 
Applications on the Global Market
Karmen Margeta and Anamarija Farkaš

1. Introduction

From the discovery of zeolites until today, the interest in scientific research and 
use of this amazing, interesting, and useful material has continuously grown.

Natural zeolites are hydrated aluminosilicate materials. Primary building units 
(PBUs) are tetrahedra of Si and Al oxides which are interconnected by oxygen ions 
into two-dimensional and three-dimensional secondary units (secondary building 
units [SBUs]). The zeolite network consists of channels and cavities filled with 
hydrated alkali and alkaline earth metal ions. With the presence of these metal ions 
in the structure of zeolites, a balance between positive electric charge of metal ions 
and negative charge of zeolite network is achieved.

The hydrating and dehydrating properties of zeolites were crucial in discover-
ing their physical and chemical properties and their wider use, and that is why this 
mineral was named “boiling stone” (ζέω (zéō) meaning “to boil” and λίθος (líthos) 
meaning “stone”) [1].

Unlike natural zeolites which are formed as crystals in cavities of basalt rocks or 
as volcanic tuff in different geological environments at relatively low temperatures, 
synthetic zeolites are created by hydrothermal synthesis in laboratory conditions. 
During hydrothermal synthesis in the presence of certain chemical compounds 
(“template” or structure directing agent (SDA)), which act on the organization of 
SBUs and consequential formation of tertiary or composite building units (TBUs), 
a final crystal zeolite is created in the form of a polyhedron which contains Si-O-Al 
bonds. Control of kinetic processes during zeolite synthesis is especially important 
since most of the zeolites created via this process are metastable phases [2].

2. Zeolite’s history

Zeolite materials were discovered in the eighteenth century when a Swedish 
chemist, founder of modern mineralogy, Baron Axel Fredrik Cronstedt, discovered 
that during the heating of mineral “stilbite,” moisture appears on its surface [3]. His 
discovery began the research of chemical, physical, and mineralogical characteris-
tics of natural zeolites.

In spite of the limited capabilities of structural research of zeolites at the time of 
their discovery (unlike today’s modern methods), researchers set the foundations for 
today’s application of natural and synthetic zeolites (Figure 1). Based on Cronstedt’s 
observations and research, in the middle of the nineteenth century according to 
the available literature, the first synthetic zeolite-levinite [5] was synthesized, 
while in the first half of the twentieth century (after the first structural analysis 
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of zeolite materials), a synthetic analog zeolite-mordenite [6] was synthesized. 
Intensive research on the synthesis as well as physical and chemical properties of 
zeolites (absorption, ion exchange, dehydration) enabled the industrial application 
of zeolites. Significant discoveries and research of zeolites, as well as the beginning 
of modern zeolite science (parallel with the development of new instrumental 
 techniques), are shown in Figure 2.

3. Scientific research and industrial applications of zeolites

Almost three centuries have passed since the discovery of zeolites, and the inter-
est in research of natural zeolite materials has not diminished. Equally, obtaining 
the optimal properties of synthetic zeolite for their technological application is a 
priority in scientific research.

Figure 2. 
Early discoveries of zeolite materials and their characteristics, the beginning of the modern zeolite science, and 
their industrial applications [7, 8].

Figure 1. 
The mineral stilbite (left) and the crystal structure (framework) of the stilbite group (right) [4].
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In 2007 the sixth edition of “The Atlas of Zeolites” was published, in which the 
data for each of the 176 unique zeolite framework types are presented [9]. Of the 
total natural zeolites discovered (more then 60), only six occur in large quantities 
in the natural deposits worldwide: analcime (ANA), chabazite (CHA), clinoptilolite 
(HEU), erionite (ERI), mordenite (MOR), and phillipsite (PHI). Ferrierite (FER) 
occurs in a few large deposits.

Each of the seven natural zeolites has been synthesized, but only mordenite and 
ferrierite are synthesized in large quantities (synthetic mordenite has large pores 
while natural mordenite has small pores) [10].

Commercial natural zeolite deposits are primarily found in the USA (volcanic 
tuffs in saline, alkaline lake deposits, and open hydrologic systems). If both natural 
and synthetic zeolites are equally available in commercial quantity, synthetic zeolite 
will be more acceptable because the process of removing impurities from natural 
zeolite is significantly more expensive.

Even though there is a large number of scientific research which describes prop-
erties, structures, characteristics, physical and chemical processes of absorption, 
and ionic exchange of zeolites with the use of modern techniques, still some of the 
properties and processes are not completely understood, especially the ones related 
to natural zeolites. Still there is room for further research and application of these 
incredible microporous materials in areas which are still unexplored.

Zeolites have found application in almost all areas of agriculture and animal 
husbandry, biotechnology, medicine, chemical industry, construction industry, oil 
and natural gas industry, water processing, etc., as well as new technologies which 
contribute to sustainable development. Due to their specific properties, high ther-
mal and hydrothermal stability, as well as environmental acceptability, zeolites are 
an alternative to similar materials that are not economically and environmentally 
acceptable [11–34].

Since the first industrial applications (during the beginning of the twentieth 
century) until today, demand for zeolites has permanently grown, whether they are 
used individually or in combination with other micro- and nanoporous materials. 
New scientific research of synthetic zeolites contributes to the further development 
of highly active and selective synthetic zeolites used as catalysts, adsorbents, and 
ion exchangers with high capacity and selectivity.

The increasing number of national and world technological innovation (pat-
ents) allows the new industrial applications of zeolite materials, which positively 
affect economic growth and development with the emphasis on zeolite materials 
that do not pollute the environment [35, 36].

3.1 Global zeolite market

Zeolite markets (natural and synthetic products) are developed on all conti-
nents, shown in Figure 3. The largest market of zeolites is in the USA, followed by 
the Asia-Pacific area, China, India, Europe, and other markets.

Global zeolite market share (by products) shows that the synthetic zeolites have 
a bigger share than the natural zeolites (Figure 4).

In 2016 the zeolite global market was estimated at 29.08 billion USD with an 
expected growth of 2.5% in the period from 2016 to 2022. Therefore, zeolite global 
market could achieve a value of 33.8 USD until 2022 [37].

Market research companies have published reports in which the following are 
presented: zeolite market size, share, and trends analysis report by product, by 
application, and by region, for the specific estimated period. Some of their data 
are shown in Table 1. The value of compounded annual rate of growth (CAGR) is 
referring to the valuation before the COVID-19 pandemic.
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Estimations of market research companies are that the market of natural zeolites 
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Figure 4. 
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market size

Forecast 
period

CAGR Ref. 
(*MRC)

High-quality transportation fuels and 
chemical products

4.15 billion 
USD

2019–2024 5.3% [39]

Membrane **NA 2017–2025 3.7% [40]

Paints and coating industry 53.4 million 
USD

2016–2024 3.2% [41]

Detergents 1.4 billion 
USD

2018–2028 2.6% [42]

Adsorbents, ion exchange, catalyst **NA 2019–2026 2.73% [43]

Cement, animal feed industry, wastewater 
treatment

6.6 billion 
USD

2019–2026 4.9% [44]

Synthetic zeolite market 19.81 billion 
USD

2017–2025 4.6% [45]

*MRC, market research company.
**NA, not available.

Table 1. 
Estimation of global zeolite markets growth (data were taken from market research company reports).
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enzymes, metals, and other chemical compounds in catalysis processes). However, 
natural zeolites hold an advantage over other materials because they are nontoxic 
and ecologically acceptable and as such materials can meet the demands which are 
set by environment protection laws.

Unlike natural zeolites, the demand for synthetic zeolites until the year 2030 is 
estimated to grow in areas of industrial application [38].

Global markets depend on a series of factors such as political and economic 
situations as well as other factors that cannot be influenced or predicted. One such 
factor is the COVID-19 pandemic which (according to first forecasts) caused a 
change in market conditions and slowed down technological progress and the start 
of new production, as well as made launching new products on the market based on 
zeolite materials harder.

4. New challenges in research and application of zeolites

Today, the humankind is faced with many threats such as (i) drought and lack 
of freshwater caused by climate change, (ii) political and economic instabilities, 
and (iii) dangerous pandemics such as the SARS-CoV-2 pandemic, which caused 
slowing down of scientific research, economic growth, and development and even 
brought into question the survival of mankind.

With current use of zeolites in agriculture, animal husbandry, water processing, 
numerous industries (chemical, oil, construction, etc.) biotechnology, medicine, 
etc., the future of zeolite application opens up new possibilities for research, devel-
opment, and technological application in still undiscovered areas such as medica-
tion and antimicrobial application [46], which would allow new global markets for 
zeolites.

Furthermore, the application of zeolites in technologies that can contribute to 
the reduction of CO2 emissions (one of the greenhouse gases which contributes to 
climate change) could have a significant role in their future use [47–49].

5. Conclusions

Scientific research of natural zeolites poses a challenge in zeolite science because 
there are still many unexplored properties of this fascinating, ecologically friendly, 
and truly useful microporous material. Further research on natural zeolite and 
production of new synthetic zeolites open up possibilities of their application in still 
unexplored areas in the near future because their application requires low technical 
complexity and initial infrastructure investment.
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Chapter 2

Competitive Adsorption and
Diffusion of Gases in a
Microporous Solid
Mykhaylo Petryk, Mykola Ivanchov, Sebastian Leclerc,
Daniel Canet and Jacques Fraissard

Abstract

The experimental and theoretical study of the co-adsorption and co-diffusion of
several gases through a microporous solid and the instantaneous (out of equilibrium)
distribution of the adsorbed phases is particularly important in many fields, such as
gas separation, heterogeneous catalysis, purification of confined atmospheres,
reduction of exhaust emissions contributing to global warming, etc. The original
NMR imaging technique used gives a signal characteristic of each adsorbed gas at
each instant and at each level of the solid and therefore the distribution of several
gases in competitive diffusion and adsorption. But it does not allow to determine
separately the inter- and intra-crystallite quantities. A new fast and accurate analyt-
ical method for the calculation of the coefficients of co-diffusing gases in the intra-
and inter-crystallite spaces of microporous solid (here ZSM 5 zeolite) is developed,
using high-performance methods (iterative gradient methods of residual functional
minimization and analytical methods of influence functions) and mathematical co-
adsorptionmodels, as well as the NMR spectra of each adsorbed gas in the bed. These
diffusion coefficients and the gas concentrations in the inter- and intra-crystallite
spaces are obtained for each position in the bed and for different adsorption times.

Keywords: competitive diffusion of gases, competitive adsorption, modeling,
diffusion coefficient, Heaviside’s operational method, zeolite bed,
gradient methods of identification

1. Introduction

Knowledge of the co-diffusion and co-adsorption coefficients of reactants and
products is essential when a heterogeneous catalytic reaction is performed by
flowing gases through a microporous catalyst bed. But generally the distribution of
the various reactants adsorbed on the catalyst is very inhomogeneous and, more-
over, very variable from one reactant to another. It is therefore necessary to deter-
mine at every moment the diffusion coefficient of each reactant in the presence of
the others and its instantaneous distribution along the length of the catalyst bed.

Classical H-MRI should be a good technique for monitoring the co-diffusion and
co-adsorption of several gases flowing through a microporous bed. However, since the
signal obtained is not specific for each gas, this requires that each experiment be
performed several times under identical conditions and each time with only one not
deuterated gas. To remedy the drawbacks of classical imaging, we have used the NMR
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imaging technique, named slice selection procedure, to follow the diffusion and
adsorption of a gas in a microporous bed [1–3]. The sample is displaced vertically, step-
by-step, relative to a very thin coil detector during the adsorption of the gas. The bed is
assumed to consist of N very thin layers of solid, and the region probed is limited to
each layer, so that the variation of the concentration of gas absorbed at the level of each
layer is obtained as a function of time. An interesting feature of this technique is its
ability to visualize directly the co-diffusion of several gases. Indeed, the NMR signals
are quantitatively characteristic of the adsorbed gases. They can therefore provide
directly, at every moment and at every level of the bed, the distribution of several
gases competing in diffusion and adsorption. We have presented in a previous paper
the experimental results of the co-diffusion of benzene and hexane through a silicalite
bed [4]. In [5, 6] we have developed a mathematical methodology for efficient linear-
ization of similar models. Using Heaviside’s operational method and Laplace’s integral
transformation method, we have built solutions allowing fast calculations for two-
component co-adsorption in a heterogeneous zeolite bed and for the dehydration of
natural gas [7]. In this chapter we have improved the methods previously used to
compute the diffusion coefficients against time, increasing the accuracy and speed of
calculations by significantly reducing the iteration number. This made it possible to
use them for the co-adsorption of several gases diffusing along such a column.

2. Experimental

The NMR imaging technique, the sample-holder bulb containing the liquid
phase in equilibrium with the gas phase, and the narrow zone monitored by the
detector have been described in [1–3], respectively.

The upper face of the cylindrical bed of zeolite crystallites is exposed to a
constant pressure of each gas (Figure 1). The diffusion of the two gases is axial in

Figure 1.
Distribution of the layers (left) and corresponding parameters (right).
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the macropores of the inter-crystallite space (z direction along the height, l, of the
bed) and radial in the micropores of the zeolite. According to the experimental
conditions, the zeolite bed consists of a large number, N, of very thin layers of solid,
of thickness Δlk ¼ lk � lk�1, perpendicular to the propagation of the gas in the z
direction. The corresponding coefficients of inter- and intra-crystallite space are
Dinter,k and Dintra,k, respectively.

3. Experimental results: gaseous benzene and hexane adsorption curves

The experimental results have been summarized in [4]: the spectrum of each gas
at every instant and every level of the solid and the benzene and hexane concentra-
tions along the sample, for each diffusion time. Here we shall only use the evolution,
as a function of time, of the benzene and hexane concentrations at different levels
of the sample, on which the calculations of the diffusion coefficients and the
instantaneous inter- and intra-crystallite concentrations are based [8]. Figure 2
shows clearly that, under the chosen experimental conditions, benzene hinders the
diffusion of hexane, and this at every moment. Moreover, it can be noticed that, at
equilibrium, the amount of benzene within the zeolite is twice that of hexane,
indicating quantitatively the relative affinity to the two adsorbates.

These curves display modulations as a function of time, which must be averaged
for all subsequent mathematical representations. These modulations are weak at
the lower layers of the tube and can be due to errors in the measurement of small
amounts. Those closer to the arrival of the gas are greater and are similar for the two
gases. We suggested that these fluctuations may be due to the fact that inter-
crystallite adsorption at levels close to the gas phase is fast compared to the liquid-gas
equilibrium, which is not as instantaneous for a mixture as for a single component [8].
Each slight decrease of the gas pressure could correspond a slight fast desorption.

4. A mathematical model of competitive co-adsorption and co-diffusion
in microporous solids

4.1 Co-adsorption model in general formulation

The model presented is similar to the bipolar model [2, 3, 8, 9]. By developing
the approach described by Ruthven and Kärger [10, 11] and Petryk et al. [5]

Figure 2.
Evolution vs. time of the benzene and hexane concentrations (arbitrary units) at different levels of the sample
(continuous, experimental curves; dotted, their approximations used for simulation) [from Ref. [8], reprinted
with permission from ACS].
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concerning the elaboration of a complex process of co-adsorption and co-diffusion,
it is necessary to specify the most important hypotheses limiting the process.

The general hypothesis adopted to develop the model presented in the most
general formulation is that the interaction between the co-adsorbed molecules of
several gases and the adsorption centers on the surface in the nanoporous crystal-
lites is determined by the nonlinear competitive equilibrium function of the Lang-
muir type, taking into account physical assumptions [10]:

1.Co-adsorption is caused by the dispersion forces whose interaction is
established by Lennard-Jones and the electrostatic forces of gravity and
repulsion described by van der Waals [11].

2.The co-diffusion process involves two types of mass transfer: diffusion in the
macropores (inter-crystallite space) and diffusion in the micropores of
crystallites (intra-crystallite space).

3.During the evolution of the system toward equilibrium, there is a
concentration gradient in the macropores and/or in the micropores.

4.Co-adsorption occurs on active centers distributed over the entire inner
surface of the nanopores (intra-crystallite space) [10, 11]. All crystallites are
spherical and have the same radius R; the crystallite bed is uniformly packed.

5.Active adsorption centers adsorb molecules of the ith adsorbate, forming
molecular layers of adsorbate on their surfaces.

6.Adsorbed molecules are held by active centers for a certain time, depending on
the temperature of the process.

Taking into account these hypotheses, we have developed a nonlinear co-
adsorption model. The meaning of the symbols is given in the nomenclature:

дСs t,Zð Þ
дt

¼ Dinters
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with initial conditions

Cs t ¼ 0,Zð Þ ¼ 0;Qs t ¼ 0,X,Zð Þ ¼ 0;Z ∈ 0, 1ð Þ,X ∈ 0, 1ð Þ, s ¼ 1,m (4)

boundary conditions for coordinate X of the crystallite
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, s ¼ 1,m Langmuir equilibriumð Þ, (6)
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boundary and interface conditions for coordinate Z

Cs t, 1ð Þ ¼ 1,
дСs

дZ
t,Z ¼ 0ð Þ ¼ 0, t>0 (7)

T t, Zð Þ Z¼1 ¼ Tinitial,
∂

∂z
T t, ZÞð jZ¼0 ¼ 0:

���� (8)

with Ks Tð Þ ¼ k0s exp � ΔHs
RgT

� �
.

Here the activation energy is the heat of adsorption defined as
ΔHs ¼ ϕ� Ugs �Uadss

� �� RgT, where Ugs �Uadss—the difference between the
kinetic energies of the molecule of the ith component of the adsorbate in the
gaseous and adsorbed states is the magnitude of the Lennard-Jones potential, aver-
aged over the pore volume of the adsorbent [11].

The non-isothermal model (1)–(8) can easily be transformed into isothermal
model, removing the temperature Eq. (2) and condition (8) and replacing the
functions Ks Tð Þ with the corresponding equilibrium constants Ks. The competitive
diffusion coefficients Dintras and Dinters can be considered as functions of the time
and the position of the particle in the zeolite bed.

4.2 The inverse model of co-diffusion coefficient identification: application
to the benzene-hexane mixture

On the basis of a developed nonlinear co-adsorption model (1)–(8), we
construct an inverse model for the identification of the competitive
diffusion coefficients Dintras and Dinters as a function of time and coordinate in the
zeolite bed.

The mathematical model of gas diffusion kinetics in the zeolite bed is defined
in domains: Ωkt ¼ 0, ttotal

� �� Ωk, Ωk ¼ Lk�1,Lkð Þ, k ¼ 1,N þ 1,L0 ¼ 0<L1 < …
�

<LNþ1 ¼ 1Þ by the solutions of the system of differential equations
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with initial conditions
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boundary conditions for coordinate X in the particle
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The mathematical model of gas diffusion kinetics in the zeolite bed is defined
in domains: Ωkt ¼ 0, ttotal

� �� Ωk, Ωk ¼ Lk�1,Lkð Þ, k ¼ 1,N þ 1,L0 ¼ 0<L1 < …
�

<LNþ1 ¼ 1Þ by the solutions of the system of differential equations

дСsk t,Zð Þ
дt

¼ Dintersk

l2
∂
2Сsk

∂Z2 � einterk ~Ksk

Dintrask

R2

∂Qsk

∂X

� �

X¼1
(9)

дQsk t,X,Zð Þ
дt

¼ Dintrask

R2

∂
2Qsk

∂X2 þ 2
X
∂Qsk

∂X

 !
(10)

with initial conditions

Csk t ¼ 0,Zð Þ ¼ 0;Qsk t ¼ 0,X,Zð Þ ¼ 0;X ∈ 0, 1ð Þ,Z ∈Ωk, k ¼ 1,N þ 1, (11)

boundary and interface conditions for coordinate Z

Cs1 t,L1ð Þ ¼ 1,
дСs1

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0, ttotal

� �
; (12)

Csk t,Zð Þ � Csk t,Zð Þ� �
Z¼Lk

¼ 0,
∂

∂Z
Dintersk�1

Csk�1 t,Zð Þ �Dintersk
Csk t,Zð Þ

h i
Z¼Lk

¼ 0, k

¼ 1,N, t∈ 0, ttotal
� �

;

(13)

boundary conditions for coordinate X in the particle
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∂

∂X
Qsk t,X ¼ 0,Zð Þ ¼ 0,Qsk t,X ¼ 1,Zð Þ

¼ KsCsk t,Zð Þ equilibrium conditionsð Þ,Z ∈Ωk, k ¼ 1,N þ 1:

(14)

Additional condition (NMR-experimental data)

Csk t,Zð Þ þQsk t,Zð Þ� ���
hk
¼ Msk t,Zð Þ��hk , s ¼ 1, 2; hk ∈Ωk: (15)

The problem of the calculation (9)–(15) is to find unknown functions
Dintras ∈Ωt,Dinters ∈Ωt (Dintras>0,Dinters>0, s ¼ 1, 2), when absorbed masses
Csk t,Zð Þ þ Qsk t,Zð Þ satisfy the condition (15) for every point hk ⊂Ωk of the kth
layer [8, 12].

Here

einterk ¼
εinterk csk

εinterk csk þ 1� εinterk
� �

qsk
≈

εinterk
1� εinterk
� �

~Ksk
, ~Ksk ¼

qsk∞
csk∞

,

where Qs t,Zð Þ ¼ Ð
1

0
Qs t,X,Zð ÞXdX is the average concentration of adsorbed

component s in micropores and Ms t,Zð Þjhk is the experimental distribution of the
mass of the sth component absorbed in macro- and micropores at hk ⊂Ωk (results of
NMR data, Figure 2).

4.3 Iterative gradient method of co-diffusion coefficient identification

The calculation of Dintrask
and Dintersk

is a complex mathematical problem. In
general, it is not possible to obtain a correct formulation of the problem (9)–(15) and
to construct a unique analytical solution, because of the complexity of taking into
account all the physical parameters (variation of temperature and pressure, crystallite
structures, nonlinearity of Langmuir isotherms, etc.), as well as the insufficient
number of reliable experimental data, measurement errors, and other factors.

Therefore, according to the principle of Tikhonov and Arsenin [13], later devel-
oped by Lions [14] and Sergienko et al. [15], the calculation of diffusion coefficients
requires the use of the model for each iteration, by minimizing the difference
between the calculated values and the experimental data.

The calculation of the diffusion coefficients (9)–(15) is reduced to the problem
of minimizing the functional of error (16) between the model solution and the
experimental data, the solution being refined incrementally by means of a
special calculation procedure which uses fast high-performance gradient methods
[6, 8, 12, 15].

According to [12, 15], and using the error minimization gradient method for the
calculation of Dintrask

and Dintersk
of the sth diffusing component, we obtain the

iteration expression for the n + 1th calculation step:

Dnþ1
intrask

tð Þ ¼ Dn
intrask

tð Þ � ∇JnDintrask
tð Þ

Csk Dn
intersk

,Dn
intrask

; t, hk
� �

þQsk Dn
intersk

,Dn
intrask

; t, hk
� �

�Msk tð Þ
h i2

∇JnDintrask
tð Þ

���
���
2
þ ∇JnDintersk

tð Þ
���

���
2 ,

Dnþ1
intersk

tð Þ ¼ Dn
intersm

tð Þ � ∇JnDintersk
tð Þ
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Csk Dn
intersk

,Dn
intrask

; t, hk
� �

þ Qsk Dn
intersk

,Dn
intrask

; t, hk
� �

�Msk tð Þ
h i2

∇JnDintrask
tð Þ

���
���
2
þ ∇JnDintersk

tð Þ
���

���
2 , t∈ 0, ttotal

� �

(16)

where J Dintersk
,Dintrask

� �
is the error functional, which describes the deviation of

the model solution from the experimental data on hk ∈Ωk, which is written as

J Dintersk
,Dintrask

� �
¼ 1

2

ðT

0

Cs τ,Z,Dintersk
,Dintrask

� �
þQs t,Z,Dintersk

,Dintrask

� �
�Msk tð Þ

h i2
hk
dτ,

hk ∈Ωk, k ¼ 1,N þ 1, (17)

∇JnDinttersk
tð Þ, ∇JnDintrask

tð Þ (the gradients of the error functional), J Dintersk
,Dintrask

� �
.

∇JnDintersk
tð Þ

���
���
2
¼ Ð

T

0
∇JnDintersk

tð Þ
h i2

dt, ∇JnDintrask
tð Þ

���
���
2
¼ Ð

T

0
∇JnDintrask

tð Þ
h i2

dt.

4.4 Analytical method of co-diffusion coefficient identification

With the help of iterative gradient methods on the basis of the minimization of
the residual functional, very precise and fast analytical methods have been devel-
oped making it possible to express the diffusion coefficients in the form of time-
dependent analytic functions (16). For their efficient use, it is necessary to have an
extensive experimental database, with at least two experimental observation condi-
tions for the simultaneous calculation of Dintrask

and Dintersk
coefficients. Our exper-

imental studies were carried out for five Z positions of the swept zeolite layer for
each of the adsorbed components. The data were not sufficient to fully apply this
simultaneous identification method to these five sections. We therefore used a
combination of the analytical method and the iterative gradient method for deter-
mining the co-diffusion coefficients.

Using Eqs. (9)–(15), it is possible to calculate Dintrask
,Dintersk as a function of time

using the experimental data obtained by NMR scanning. In particular, in Eqs. (9)
and (10), the co-diffusion coefficients can be set directly as functions of the time t:
Dintrask

tð Þ,Dintersk tð Þ. In this case, the boundary condition (11) can be given in a more
general form—also as a function of time:

Cs1 t, 1ð Þ ¼ Cinitial
s tð Þ: (18)

Experimental NMR scanning conditions are defined simultaneously for all P
observation surfaces:

Csk t,Zð Þ þ
ð1

0

Qsk t,X,Zð ÞdX
2
4

3
5
Z¼hi

¼ Mski t,Zð Þ��hi , i ¼ 1,P, s ¼ 1, 2; hi ∈ ∪
Nþ1

k¼1
Ωk

(19)

For simplicity we design u t,Zð Þ ¼ Csk t,Zð Þ, v t, X,Zð Þ ¼ Qsk t, X,Zð Þ,
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���
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the residual functional, very precise and fast analytical methods have been devel-
oped making it possible to express the diffusion coefficients in the form of time-
dependent analytic functions (16). For their efficient use, it is necessary to have an
extensive experimental database, with at least two experimental observation condi-
tions for the simultaneous calculation of Dintrask

and Dintersk
coefficients. Our exper-

imental studies were carried out for five Z positions of the swept zeolite layer for
each of the adsorbed components. The data were not sufficient to fully apply this
simultaneous identification method to these five sections. We therefore used a
combination of the analytical method and the iterative gradient method for deter-
mining the co-diffusion coefficients.

Using Eqs. (9)–(15), it is possible to calculate Dintrask
,Dintersk as a function of time

using the experimental data obtained by NMR scanning. In particular, in Eqs. (9)
and (10), the co-diffusion coefficients can be set directly as functions of the time t:
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tð Þ,Dintersk tð Þ. In this case, the boundary condition (11) can be given in a more
general form—also as a function of time:

Cs1 t, 1ð Þ ¼ Cinitial
s tð Þ: (18)

Experimental NMR scanning conditions are defined simultaneously for all P
observation surfaces:

Csk t,Zð Þ þ
ð1

0

Qsk t,X,Zð ÞdX
2
4

3
5
Z¼hi

¼ Mski t,Zð Þ��hi , i ¼ 1,P, s ¼ 1, 2; hi ∈ ∪
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k¼1
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b tð Þ ¼ Dintrask tð Þ=R2, χi tð Þ ¼ Mski tð Þ, i ¼ 1, P,

and considering Eq. (10) in flat form, its solution can be written as [16]:

v t, X, Zð Þ ¼ �
ðt

0

H 2ð Þ
4ξ t, τ, X, 1Þð Þb τð Þu τ, Zð Þdτ (20)

where H 2ð Þ
4ξ t, τ, X, ξð Þ ¼ �2

P∞
m¼0

e�η2m θ2 tð Þ�θ2 τð Þð Þηm cos ηmX � �1ð Þm.

Here the Green influence function of the particle H 2ð Þ
k , k ¼ 1, 4 is used; it has the

form [17].

H 2ð Þ
4 t, τ, X, ξð Þ ¼ 2

P∞
m¼0

e�η2m θ2 tð Þ�θ2 τð Þð Þ cos ηmX cos ηmξ, ηm ¼ 2mþ1
2 π,

H 2ð Þ
3 t, τ, X, ξð Þ ¼ 2

P∞
m¼0

e�η2m θ2 tð Þ�θ2 τð Þð Þ sin ηmX sin ηmξ, ηm ¼ 2mþ 1
2

π,

H 2ð Þ
2 t, τ, X, ξð Þ ¼ 1þ 2

P∞
m¼1

e�η2m θ2 tð Þ�θ2 τð Þð Þ cos ηmX � cos ηmξ, ηm ¼ mπ,

where θ2 tð Þ ¼ Ð
t

0
b sð Þds.

The notation H 2ð Þ
4τξ,H 2ð Þ

4ξξ means partial derivatives of the influence function H 2ð Þ
4

relative to the definite variables τ and ξ, respectively.
Based on formula (20), we calculate

vX t, X, Zð Þ ¼ �
ðt

0

H 2ð Þ
4ξX t, τ, X, 1ð Þb τð Þu τ, Zð Þdτ (21)

Integrating parts (21), taking into account the relations.

H 2ð Þ
4X t, τ, X, ξð Þ ¼ �H 2ð Þ

3ξ t, τ,X, ξð Þ,H 2ð Þ
3τ t, τ,X, ξð Þ ¼ �b τð ÞH 2ð Þ

3ξξ t, τ,X, ξð Þ,

and the initial condition u t¼0j ¼ 0, we find

vX t, X, Zð Þ ¼
ðt

0

H 2ð Þ
3 t, τ, X, 1Þð Þuτ τ, Zð Þdτ (22)

We substitute the expression v t, X, Zð Þ (20) in the observation conditions (19):

u t, hið Þ �
ð1

0

XdX
ðt

0

H 2ð Þ
4ξ t, τ, X, 1ð Þb τð Þu τ, hið Þdτ ¼ χi tð Þ, i ¼ 1, P (23)

Integrating parts (23) and taking into account equality

H 2ð Þ
4ξ t, τ,X, 1ð Þ ¼ �H 2ð Þ

3X t, τ,X, 1ð Þ,

we obtain [16]
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u t, hið Þ ¼ χi tð Þ �
ðt

0

H 2ð Þ
3 t, τ, 1, 1ð Þb τð Þu τ, hið Þdτ þ

ðt

0

ð1

0

H 2ð Þ
3 t, τ, X, 1ð Þb τð Þu τ, hið ÞdXdτ, i

¼ 1, P

(24)

Let us first put u t, hPð Þ ¼ μsP tð Þ ¼ Cinitial
s tð Þ, where Z ¼ hP is the observation

surface, approaching the point of entry into the work area Z = 1.
Then Eq. (24) for i = P will be

ðt

0

H 2ð Þ
3 t, τ, 1, 1ð Þb τð ÞμsP tð Þdτ ¼ χsP tð Þ � μsP tð Þ þ

ðt

0

ð1

0

H 2ð Þ
3 t, τ, x, 1ð Þb τð ÞμsP tð Þdxdτ

(25)

Applying to Eq. (25) the formula
Ðt
τ
b σð ÞH 2ð Þ

2 t, σ, 0, 0Þð ÞH 2ð Þ
4 t, σ, 0, 0Þð Þdσ ¼ 1,

obtained by Ivanchov [16], and taking into account.

H 2ð Þ
3 t, σ; 1, 1ð Þ ¼ H 2ð Þ

4 t, σ; 0, 0ð Þ, we obtain

ðt

0

b τð ÞμsP τð Þdτ ¼
ðt

0

H 2ð Þ
2 t, σ, 0, 0ð Þb σð Þ χsP σð Þ � μsP σð Þð Þdσ

þ
ðt

0

H 2ð Þ
2 t, σ, 0, 0ð Þb σð Þdσ

ðσ

0

ð1

0

H 2ð Þ
3 σ, τ, x, 1ð Þb τð ÞμsP tð ÞdXdτ, t∈ 0, ttotal

� �

(26)

Differentiating Eq. (26) by t, after the transformations series, we obtain

μsP tð Þ ¼
ðt

0

H 2ð Þ
2 t, σ, 0, 0ð Þ b σð ÞμsP σð Þ þ χsP σð Þ � μsP σð Þð Þdσ (27)

After multiplying Eq. (27) on the expression H 2ð Þ
4 t, σ, 0, 0Þð Þb σð Þ, the integration

by τ and the differentiation by t

b tð ÞμsP tð Þ þ χsP σð Þ � μsP σð Þ ¼ b tð Þ
ðt

0

H 2ð Þ
2 t, τ, 0, 0Þð Þμ0sP τð ÞÞdτ:

So we obtain the expression for calculating the co-diffusion coefficient in the
intra-crystallite space:

DintrasP tð Þ � R2b tð Þ ¼ R2 χ0sP tð Þ � μ0sP tð Þ
Ðt
0
H 2ð Þ

2 t, τ, 0, 0Þð Þμ0sP τð Þdτ � μsP tð Þ
, t∈ 0, ttotal

� �
(28)

Using calculated DintrasP tð Þ with the formula (28) on the observation limit hP, we
define the gradient method DintersP tð Þ in the same way. With DintrasP tð Þ and DintersP tð Þ
in hP, we calculate Сsk t, hPð Þ, substituting it in μsP�1 tð Þ ¼ Сsk t, hPð Þ for the next
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3 σ, τ, x, 1ð Þb τð ÞμsP tð ÞdXdτ, t∈ 0, ttotal

� �

(26)

Differentiating Eq. (26) by t, after the transformations series, we obtain

μsP tð Þ ¼
ðt

0

H 2ð Þ
2 t, σ, 0, 0ð Þ b σð ÞμsP σð Þ þ χsP σð Þ � μsP σð Þð Þdσ (27)

After multiplying Eq. (27) on the expression H 2ð Þ
4 t, σ, 0, 0Þð Þb σð Þ, the integration

by τ and the differentiation by t

b tð ÞμsP tð Þ þ χsP σð Þ � μsP σð Þ ¼ b tð Þ
ðt

0

H 2ð Þ
2 t, τ, 0, 0Þð Þμ0sP τð ÞÞdτ:

So we obtain the expression for calculating the co-diffusion coefficient in the
intra-crystallite space:

DintrasP tð Þ � R2b tð Þ ¼ R2 χ0sP tð Þ � μ0sP tð Þ
Ðt
0
H 2ð Þ

2 t, τ, 0, 0Þð Þμ0sP τð Þdτ � μsP tð Þ
, t∈ 0, ttotal

� �
(28)

Using calculated DintrasP tð Þ with the formula (28) on the observation limit hP, we
define the gradient method DintersP tð Þ in the same way. With DintrasP tð Þ and DintersP tð Þ
in hP, we calculate Сsk t, hPð Þ, substituting it in μsP�1 tð Þ ¼ Сsk t, hPð Þ for the next
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coefficient Dintersi tð Þ, i ¼ P� 1, 1 calculations. All subsequent coefficients Dintrasi tð Þ
will be calculated by the formula

Dintrasi tð Þ � R2bsi tð Þ ¼ R2 χ0si tð Þ � μ0si tð Þ
Ðt
0
H 2ð Þ

2 t, τ, 0, 0Þð Þμ0si τð Þdτ � μsi tð Þ
, i ¼ P� 1, 1 (29)

with parallel computing Dintersi tð Þ, i ¼ P� 1, 1.

5. Numerical simulation and analysis: co-diffusion coefficients:
concentration profiles in inter- and intra-crystallite spaces

The variation against time of the benzene and hexane intra-crystallite diffusion
coefficients, Dintra1,k аnd Dintra2,k , respectively, is presented in Figure 3 for the five
coordinate positions: 6, 8, 10, 12, and 14 mm, defined now from the top of the bed.
The curves for benzene Dintra1,k are pseudo exponentials. Dintra1,k decreases from 9.0

Figure 3.
Variation of intra-crystallite diffusion coefficients (arbitrary units) for benzene Dintra1,k (left) and hexane
Dintra2,k (right) against time, at different positions in the bed. (Top) time range 6–240 mn, (bottom) time range
100–240 mn.

Figure 4.
Variation of inter-crystallite diffusion coefficients (a.u.) for benzene (left) and hexane (right) against time at
different positions in the bed.
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Figure 5.
Variation of the inter-crystallite concentration (a.u.) calculated for benzene (left) and hexane (right) against
time and at different positions in the bed.

Figure 6.
Distribution of the benzene (left) and hexane (right) concentrations in the intra-crystallite space from the
surface (abscissa 1) to the center (abscissa 0) of the crystallites, at different times: (1) dark blue, t = 25 min;
(2) green, t = 50 min; (3) brown, t = 100 min; and (4) red, t = 200 min.
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E�13 to about 1.0 E�14 a.u. (equilibrium) depending on the position of the crys-
tallite and the time, as well as on the amount of adsorbed gas. The shapes of the
variations of Dintra2,k for hexane are roughly the same, but the diffusion coefficients
are higher, from about 9.0 E�12 to 3.0 E�13 a.u.

Figure 4 presents the variation against time of the benzene and hexane diffusion
coefficients in inter-crystallite space, Dinter1,k аnd Dinter2,k , for the same positions.
These coefficients decrease with time from 2.0 E�6 to 1.0 E�7 a.u. (equilibrium)
for benzene and from 3 E�5 to 1.0 E�6 a.u. for hexane, depending on the bed
position, and increase adsorbed concentrations.

Figure 5 shows the variation against time of the calculated concentrations C
for benzene and hexane in the inter-crystallite space. As can be seen, these
concentrations approach the equilibrium values for a diffusion time around
250 min. But the variations of the concentrations with time are rather different for
the two gases.

Figure 6 shows the variation of the concentrations Q(t,X,z) of adsorbed benzene
(left) and hexane (right) in the micropores of the intra-crystallite space from the
surface (abscissa-1) to the center (abscissa-0) of the crystallites located between 6
and 14 mm from the top of the bed and after 25–200 min. of diffusion (a, b, c, and
d, respectively). The gradients increase, and the mean concentrations decrease with
the increasing distance of the particles from the arrival of the gases. The particles at
6 and 8 mm are saturated with benzene after 100 min, but not yet with hexane.

6. Conclusion

The main result of this work is the possibility, from a single experiment, of
simultaneously distributing several co-diffusing gases in a porous solid and of using
the methods of mathematical modeling to analyze for each of them the distribution
of their concentrations in the intra- and inter-crystallite spaces.

Using the experimental NMR data and proposed co-adsorption models, the
identification procedures for calculating the co-diffusion coefficients for two or
more components in intra- and inter-crystallite spaces are developed. These pro-
cedures use the iterative gradual identification methods on minimizing of the
Lagrange error function and rapid analytic methods based on the influence func-
tion. The co-diffusion coefficients were obtained as a function of time for different
positions along the catalyst bed. In particular, those in the intra-crystallite space
were computed by the analytical method which allowed a calculation with a rela-
tively high degree of discretization over time and to reduce practically twice the
volume of iterative calculations. Using these results, the concentrations of co-
diffusing benzene and hexane in the inter- and intra-crystallite spaces were calcu-
lated for each time and each position in the bed.

Nomenclature

k ¼ 1,N þ 1 layer number, subscript k will be added to all the
following symbols to specify that they are charac-
teristic of the kth layer

c adsorbate concentration in macropores
c∞ equilibrium adsorbate concentration in macropores
C = c/c∞ dimensionless adsorbate concentration in

macropores
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Dinter diffusion coefficient in macropores, m2/s
Dintra diffusion coefficient in micropores, m2/s
~K adsorption equilibrium constant
l bed length, m
Δl ¼ lk � lk�1; k ¼ 1,N þ 1 layer thickness (all layers have the same thickness)
L dimensionless bed length (L = 1)
q adsorbate concentration in micropores
q∞ equilibrium adsorbate concentration in micropores
Q = q/q∞ dimensionless concentration of adsorbate in micro-

pores
T temperature of gas phase flow, K, and time total, s
M mass total
u velocity of gas phase flow, m/s2

Λ coefficient of thermal diffusion along the columns
hg gas heat capacity, kJ/(kg K)
μ molecular mass of adsorbate, kg/mol
H total heat capacity of the adsorbent and gas,

kJ/(kg K)
αh heat transfer coefficient
Rcolumn column radius, m
Rg gas constant, kJ mol/(m3 K)
ΔHi activation energy (ΔHi ¼ ΔHi=μ), kJ/mol
ΔHi adsorption heat, kJ/kg
k0i empirical equilibrium coefficient for the i adsorbate,

depending on the adsorbent properties and the dif-
fusing adsorbate component (k0i equal to the ratio
of the desorption and adsorption rate constants)

x distance from crystallite center, m
R mean crystallite radius, m (we assume that the

crystallites are spherical)
X = x/R dimensionless distance from crystallite center
z distance from the bottom of the bed for mathemat-

ical simulation, m
Z = z/l dimensionless distance from the bottom of the bed
t time
τ, ξ variables of integration
ttotal total duration of co-adsorption, mn
Lk dimensionless position of the kth layer
hk (Lk –Lk-1)/2
εinter inter-crystallite bed porosity
einter value utilized in Eq. (9)
n iteration number of identification
m number of adsorbed components
P number of NMR observation surfaces
s index of adsorbate component
i index of NMR observation surface
initial index of initial value (concentrations,

temperature)
macro index of extended Lagrange functional component

for inter-crystallite space
micro index of extended Lagrange functional component

for intra-crystallite space
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Appendix

A. Iterative gradient method of the identification of co-diffusion coefficients

The methodology for solving the direct boundary problem (9)–(15), which
describes the diffusion process in a heterogeneous nanoporous bed, is developed in
[9, 12, 15]. According to [12] the procedure for determining the diffusion coeffi-
cients (16) requires a special technique for calculating the gradients ∇JnDintrask

tð Þ and
∇JnDintersk

tð Þ of the residual functional (17). This leads to the problem of optimizing

the extended Lagrange function [12, 15]:

Φ Dintersk ,Dintrask

� � ¼ Js þ Ismacro þ Ismicro , (A.1)

where Ismacro , Ismicro are the components given by Eqs. (A.2) and (A.3),
corresponding to the macro- and microporosity, respectively

Ismacro ¼
ðT

0

ðLk

Lk�1

ϕsk t,Zð Þ ∂Csk

∂t
�Dintersk

l2
∂
2Csk

∂Z2 þ einterkKsk

Dintrask

R2

∂Q t,X,Zð Þsk
∂X

� �

X¼1

� �
dZdt

(A.2)

Ismicro ¼
ðT

0

ð1

0

ðLk

Lk�1

ψ sk t,X,Zð Þ ∂Qsk t,X,Zð Þ
∂t

�Dintrask

R2

∂
2Qsk

∂X2 þ 2
X
∂Qsk

∂X

 ! !
XdXdZdt

(A.3)

Js is the residual functional (17), ϕsk ,ψ sk , s,¼1,2—unknown factors of Lagrange, to
be determined from the stationary condition of the functional Φ Dintersk ,Dintrask

� �
[9, 15]:

ΔΦ Dintersk ,Dintrask

� � � ΔJs þ ΔIsmacro þ ΔIsmicro ¼ 0 (A.4)

The calculation of the components in Eq. (A.4) is carried out by assuming that
the values Dintersk ,Dintrask are incremented by ΔDintersk ,ΔDintrask . As a result,
concentration Csk t,Zð Þ changes by increment ΔCsk t,Zð Þ and concentration
Qsk t,X,Zð Þ by increment ΔQsk t,X,Zð Þ, s ¼ 1, 2.

Conjugate problem. The calculation of the increments ΔJs, ΔJsmacro
, and ΔJsmicro

in
Eq. (A.4) (using integration by parts and the initial and boundary conditions of the
direct problem (9)–(15)) leads to solving the additional conjugate problem to
determine the Lagrange factors ϕsk and ψ sk of the functional (A.1) [15]:

∂ϕsk t,Zð Þ
∂t

þDintersk

l2
∂
2ϕsk

∂Z2 þ einterkKsk

Dintrask

R2

∂ψ sk t,X,Zð Þ
∂X

����
X¼1

¼ En
sk tð Þδ Z � hkð Þ

(A.5)

where En
sk tð Þ ¼ Csk Dintrask n,Dintersk n; t, hk

� �þQsk Dintrask n,Dintersk n; t, hk
� ��Msk tð Þ,

δ Z � hkð Þ (function of Dirac) [15].

∂ψ sk t,X,Zð Þ
∂t

þDintrask

R2

∂
2ψ sk

∂X2 þ 2
X
∂ψ sk

∂X

 !
¼ En

sk tð Þδ Z � hkð Þ (A.6)
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ϕsk t,Zð Þ t¼ttotalj ¼ 0;ψ sk t,X,Zð Þ t¼ttotalj ¼ 0 conditions at t ¼ ttotal
� �

; (A.7)

∂

∂X
ψ sk t,X,Zð Þ X¼0j ¼ 0;ψ sk t,X,Zð Þ X¼1j ¼ φsk t,Zð Þ (A.8)

ϕsk t,Z ¼ Lkð Þ ¼ 0,ϕsk�1
t,Z ¼ Lk�1ð Þ ¼ 0; s ¼ 1, 2, k ¼ N, 2, (A.9)

ϕs1 t,L1ð Þ ¼ 0,
дϕs1

дZ
t,Z ¼ 0ð Þ ¼ 0 (A.10)

We have obtained the solutions ϕsk and ψ sk of problem (A.5)–(A.10) using
Heaviside operational method in [15].

Substituting in the direct problem (9)–(15) Dintersk ,Dintrask , Сsk t,Zð Þ, and
Qsk t,X,Zð Þ by the corresponding values with increments Dintersk þ
ΔDintersk ,Dintrask þ ΔDintrask , Csk t,Zð Þ þ ΔCsk t, zð Þ, and Qsk t,X,Zð Þ þ ΔQsk t,X,Zð Þ,
subtracting the first equations from the transformed ones and neglecting second-
order terms of smallness, we obtain the basic equations of the problem (9)–(15) in
terms of increments ΔCsk t,Zð Þ and ΔQsk t,X,Zð Þ, s ¼ 1, 2 in the operator form

Lwsk t,X,Zð Þ ¼ Xsk ,wsk ∈ 0, 1ð Þ∪Ωkt, k ¼ 1,N þ 1 (A.11)

Similarly, we write the system of the basic equations of conjugate boundary
problem (A.5)–(A.10) in the operator:

L ∗Ψsk t,X,Zð Þ ¼ Esk tð Þδ Z � hkð Þ,Ψsk ∈ 0, 1ð Þ∪Ωkt, k ¼ 1,N þ 1 (A.12)

where L ¼
∂

∂t
� ∂

∂Z
Dintersk

∂

∂Z

� �
einterk

Dintrask

R
∂

∂X X¼1j

0
∂

∂t
�Dintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �

2
6664

3
7775,

L ∗ ¼
∂

∂t
þ ∂

∂Z
Dintersk

∂

∂Z

� �
einterk

Dintrask

R2
∂

∂X X¼1j

0
∂

∂t
þDintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �

2
6664

3
7775,

wsk t,X,Zð Þ ¼ ΔCsk t,Zð Þ
ΔQsk t,X,Zð Þ

" #
, Ψsk t,X,Zð Þ ¼ ϕsk t,Zð Þ

ψ sk t,X,Zð Þ

" #
.

Xsk t,X,Zð Þ ¼
∂

∂Z
ΔDintersk

∂

∂Z
Csk

� �
� einterk

ΔDintrask

R2
∂

∂X
Qsk t,X,Zð ÞX¼1

ΔDintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �
Qsk t,X,Zð Þ

2
6664

3
7775 (A.13)

where L ∗ is the conjugate Lagrange operator of operator L.
The calculated increment of the residual functional (17), neglecting second-

order terms, has the form

ΔJs Dintrask ,Dintersk

� � ¼
ðT

0

ðLk

Lk�1

L�1Xsk,1 t,Zð Þ � Esk tð Þδ Z � hkð ÞdZdt

þ
ðT

0

ðLk

Lk�1

ð1

0

L�1Xsk2 t,X,Zð Þ � Esk tð Þδ Z � hkð ÞXdXdZdt

(A.14)
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Ismicro ¼
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�Dintrask
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∂
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[9, 15]:
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� � � ΔJs þ ΔIsmacro þ ΔIsmicro ¼ 0 (A.4)

The calculation of the components in Eq. (A.4) is carried out by assuming that
the values Dintersk ,Dintrask are incremented by ΔDintersk ,ΔDintrask . As a result,
concentration Csk t,Zð Þ changes by increment ΔCsk t,Zð Þ and concentration
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Conjugate problem. The calculation of the increments ΔJs, ΔJsmacro
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in
Eq. (A.4) (using integration by parts and the initial and boundary conditions of the
direct problem (9)–(15)) leads to solving the additional conjugate problem to
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where En
sk tð Þ ¼ Csk Dintrask n,Dintersk n; t, hk

� �þQsk Dintrask n,Dintersk n; t, hk
� ��Msk tð Þ,

δ Z � hkð Þ (function of Dirac) [15].
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ψ sk t,X,Zð Þ X¼0j ¼ 0;ψ sk t,X,Zð Þ X¼1j ¼ φsk t,Zð Þ (A.8)

ϕsk t,Z ¼ Lkð Þ ¼ 0,ϕsk�1
t,Z ¼ Lk�1ð Þ ¼ 0; s ¼ 1, 2, k ¼ N, 2, (A.9)

ϕs1 t,L1ð Þ ¼ 0,
дϕs1

дZ
t,Z ¼ 0ð Þ ¼ 0 (A.10)

We have obtained the solutions ϕsk and ψ sk of problem (A.5)–(A.10) using
Heaviside operational method in [15].

Substituting in the direct problem (9)–(15) Dintersk ,Dintrask , Сsk t,Zð Þ, and
Qsk t,X,Zð Þ by the corresponding values with increments Dintersk þ
ΔDintersk ,Dintrask þ ΔDintrask , Csk t,Zð Þ þ ΔCsk t, zð Þ, and Qsk t,X,Zð Þ þ ΔQsk t,X,Zð Þ,
subtracting the first equations from the transformed ones and neglecting second-
order terms of smallness, we obtain the basic equations of the problem (9)–(15) in
terms of increments ΔCsk t,Zð Þ and ΔQsk t,X,Zð Þ, s ¼ 1, 2 in the operator form

Lwsk t,X,Zð Þ ¼ Xsk ,wsk ∈ 0, 1ð Þ∪Ωkt, k ¼ 1,N þ 1 (A.11)

Similarly, we write the system of the basic equations of conjugate boundary
problem (A.5)–(A.10) in the operator:

L ∗Ψsk t,X,Zð Þ ¼ Esk tð Þδ Z � hkð Þ,Ψsk ∈ 0, 1ð Þ∪Ωkt, k ¼ 1,N þ 1 (A.12)

where L ¼
∂

∂t
� ∂

∂Z
Dintersk

∂

∂Z

� �
einterk

Dintrask

R
∂

∂X X¼1j

0
∂

∂t
�Dintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �

2
6664

3
7775,

L ∗ ¼
∂

∂t
þ ∂

∂Z
Dintersk

∂

∂Z

� �
einterk

Dintrask

R2
∂

∂X X¼1j

0
∂

∂t
þDintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �

2
6664

3
7775,

wsk t,X,Zð Þ ¼ ΔCsk t,Zð Þ
ΔQsk t,X,Zð Þ

" #
, Ψsk t,X,Zð Þ ¼ ϕsk t,Zð Þ

ψ sk t,X,Zð Þ

" #
.

Xsk t,X,Zð Þ ¼
∂

∂Z
ΔDintersk

∂

∂Z
Csk

� �
� einterk

ΔDintrask

R2
∂

∂X
Qsk t,X,Zð ÞX¼1

ΔDintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �
Qsk t,X,Zð Þ

2
6664

3
7775 (A.13)

where L ∗ is the conjugate Lagrange operator of operator L.
The calculated increment of the residual functional (17), neglecting second-

order terms, has the form

ΔJs Dintrask ,Dintersk

� � ¼
ðT

0

ðLk

Lk�1

L�1Xsk,1 t,Zð Þ � Esk tð Þδ Z � hkð ÞdZdt

þ
ðT

0

ðLk

Lk�1

ð1

0

L�1Xsk2 t,X,Zð Þ � Esk tð Þδ Z � hkð ÞXdXdZdt

(A.14)
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wherе wsk ¼ L�1Xsk and L�1 is the inverse operator of operator L.
Defining the scalar product

Lwsk t,X,Zð Þ,Ψsk t,X,Zð Þ� � ¼

Ð Ð
ΩkT

LΔCsk t,Zð Þϕsk t,Zð ÞdZdt
ÐÐÐ

0,Rð Þ∪ΩkT

LΔQsk t,X,Zð Þψ sk t,X,Zð ÞXdXdZdt

2
64

3
75

(A.15)

and taking into account (A.19) Lagrange’s identity [12, 15]

Lwsk t,X,Zð Þ,Ψsk t,X,Zð Þ� � ¼ wsk t,X,Zð Þ,L ∗Ψsk t,X,Zð Þ� �
(A.16)

and the equality L�1 ∗ Esk tð Þδ Z � hkð Þ� � ¼ Ψsk , we obtain the increment of the
residual functional expressed by the solution of conjugate problem (A.6)–(A.10)
and the vector of the right-hand parts of Eq. (A.13):

ΔJs Dintersk ,Dintrask

� � ¼ Ψsk t,X,Zð Þ, Xsk t,X,ZÞð Þ�
(A.17)

where ϕsk t,Zð Þ and ψ sk t,X,Zð Þ belong to Ωkt and 0, 1½ �∪Ωkt, respectively, L�1 ∗ is
the conjugate operator to inverse operator L�1, and Ψsk is the solution of conjugate
problem (A.5)–(A.10).

Reporting in Eq. (A.17) the components Xsk t,X,Zð Þ taking into account Eq. (A.18),
we obtain the formula which establishes the relationship between the direct problem
(9)–(15) and the conjugate problem (A.6)–(A.10) which makes it possible to obtain
the analytical expressions of components of the residual functional gradient:

ΔJs Dintrask ,Dintersk

� � ¼
ϕsk t,Zð Þ, ∂

∂Z
ΔDintersk

∂

∂Z
Csk

� �
� einterk

ΔDintrask

R2
∂

∂X
Qsk t,X,Zð ÞX¼1

� �

þ ψ sk t,X,Zð Þ,ΔDintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �
Qsk t,X,Zð Þ

� �

(A.18)

Differentiating expression (A.18), by ΔDintrask and ΔDintersk , respectively, and
calculating the scalar products according to Eq. (A.15), we obtain the required
analytical expressions for the gradient of the residual functional in the intra- and
inter-crystallite spaces, respectively:

∇JDintrask
tð Þ ¼ � einterk

R2

ðLk

Lk�1

∂

∂X
Qsk t, 1,Zð Þϕsk t,Zð ÞdZ

þ 1
R2

ðLk

Lk�1

ð1

0

∂
2

∂X2 þ
2
X

∂

∂X

� �
Qsk t,X,Zð Þψ sk t,X,Zð ÞXdXdZ (A.19)

∇JDintersk
tð Þ ¼

ðLk

Lk�1

∂
2Csk t,Zð Þ
∂Z2 ϕsk t,Zð ÞdZ (A.20)

The formulas of gradients ∇JnDintrask
tð Þ and ∇JnDintersk

tð Þ include analytical
expressions of the solutions of the direct problem (9)–(14) and inverse problem
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(A.5)–(A.10). They provide high performance of computing process, avoiding a
large number of inner loop iterations by using exact analytical methods [2, 15].

B. The linearization schema of the nonlinear co-adsorption model: system of
linearized problems and construction of solutions

The linearization schema of nonlinear co-adsorption (1)–(8) is shown in order to
demonstrate the simplicity of implementation for the case of two diffusing compo-
nents (m ¼ 2) and isothermal adsorption. The simplified model (1)–(8) for the case
of m ¼ 2 is converted into the form

дСs t,Zð Þ
дt

¼ Dinters

l2
∂
2Сs

∂Z2 � einter ~Ks
Dintras

R2
∂Qs

∂X

� �

X¼1
(A.21)

дQs t,X,Zð Þ
дt

¼ Dintras

R2
∂
2Qs

∂X2 þ 2
X
∂Qs

∂X

� �
, s ¼ 1, 2 (A.22)

with initial conditions

Cs t ¼ 0,Zð Þ ¼ 0;Qs t ¼ 0,X,Zð Þ ¼ 0;X ∈ 0, 1ð Þ, s ¼ 1, 2 (A.23)

boundary conditions for coordinate X of the crystallite

∂

∂X
Qs t,X ¼ 0,Zð Þ ¼ 0 (A.24)

Q1 t,X ¼ 1,Zð Þ ¼ K1C2 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ Langmuir equilibriumð Þ,

Q2 t,X ¼ 1,Zð Þ ¼ K2C2 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ

(A.25)

boundary and interface conditions for coordinate Z

Cs t, 1ð Þ ¼ 1,
дСs

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0, ttotal

� �
(A.26)

K1 ¼ θ1
p1 1�θ1�θ2ð Þ ,K2 ¼ θ2

p2 1�θ1�θ2ð Þ, where p1, p2 are the co-adsorption equilibrium

constants and partial pressure of the gas phase for 1-th and 2-th component and
θ1, θ2, are the intra-crystallite spaces occupied by the corresponding adsorbed mol-
ecules. The expression φs C1,C2ð Þ ¼ Cs t,Zð Þ

1þK1C1 t,Zð ÞþK2C2 t,Zð Þ is represented by the series of
Tailor [5]:

φs C1,C2ð Þ ¼ φs 0, 0ð Þ þ ∂φs

∂C1

����
0,0ð Þ

C1 þ ∂φs

∂C2

����
0,0ð Þ

C2

 !

þ 1
2!

∂
2φs
∂C2

1

���
0,0ð Þ

C2
1 þ 2 ∂

2φs
∂C1C2

���
0,0ð Þ

C1C1þ

þ∂
2φs
∂C2

2

���
0,0ð Þ

C2
2

0
B@

1
CAþ …

(A.27)
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wherе wsk ¼ L�1Xsk and L�1 is the inverse operator of operator L.
Defining the scalar product

Lwsk t,X,Zð Þ,Ψsk t,X,Zð Þ� � ¼

Ð Ð
ΩkT

LΔCsk t,Zð Þϕsk t,Zð ÞdZdt
ÐÐÐ

0,Rð Þ∪ΩkT

LΔQsk t,X,Zð Þψ sk t,X,Zð ÞXdXdZdt

2
64

3
75

(A.15)

and taking into account (A.19) Lagrange’s identity [12, 15]

Lwsk t,X,Zð Þ,Ψsk t,X,Zð Þ� � ¼ wsk t,X,Zð Þ,L ∗Ψsk t,X,Zð Þ� �
(A.16)

and the equality L�1 ∗ Esk tð Þδ Z � hkð Þ� � ¼ Ψsk , we obtain the increment of the
residual functional expressed by the solution of conjugate problem (A.6)–(A.10)
and the vector of the right-hand parts of Eq. (A.13):

ΔJs Dintersk ,Dintrask

� � ¼ Ψsk t,X,Zð Þ, Xsk t,X,ZÞð Þ�
(A.17)

where ϕsk t,Zð Þ and ψ sk t,X,Zð Þ belong to Ωkt and 0, 1½ �∪Ωkt, respectively, L�1 ∗ is
the conjugate operator to inverse operator L�1, and Ψsk is the solution of conjugate
problem (A.5)–(A.10).

Reporting in Eq. (A.17) the components Xsk t,X,Zð Þ taking into account Eq. (A.18),
we obtain the formula which establishes the relationship between the direct problem
(9)–(15) and the conjugate problem (A.6)–(A.10) which makes it possible to obtain
the analytical expressions of components of the residual functional gradient:

ΔJs Dintrask ,Dintersk

� � ¼
ϕsk t,Zð Þ, ∂

∂Z
ΔDintersk

∂

∂Z
Csk

� �
� einterk

ΔDintrask

R2
∂

∂X
Qsk t,X,Zð ÞX¼1

� �

þ ψ sk t,X,Zð Þ,ΔDintrask

R2
∂
2

∂X2 þ
2
X

∂

∂X

� �
Qsk t,X,Zð Þ

� �

(A.18)

Differentiating expression (A.18), by ΔDintrask and ΔDintersk , respectively, and
calculating the scalar products according to Eq. (A.15), we obtain the required
analytical expressions for the gradient of the residual functional in the intra- and
inter-crystallite spaces, respectively:

∇JDintrask
tð Þ ¼ � einterk

R2

ðLk

Lk�1

∂

∂X
Qsk t, 1,Zð Þϕsk t,Zð ÞdZ

þ 1
R2

ðLk

Lk�1

ð1

0

∂
2

∂X2 þ
2
X

∂

∂X

� �
Qsk t,X,Zð Þψ sk t,X,Zð ÞXdXdZ (A.19)

∇JDintersk
tð Þ ¼

ðLk

Lk�1

∂
2Csk t,Zð Þ
∂Z2 ϕsk t,Zð ÞdZ (A.20)

The formulas of gradients ∇JnDintrask
tð Þ and ∇JnDintersk

tð Þ include analytical
expressions of the solutions of the direct problem (9)–(14) and inverse problem
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(A.5)–(A.10). They provide high performance of computing process, avoiding a
large number of inner loop iterations by using exact analytical methods [2, 15].

B. The linearization schema of the nonlinear co-adsorption model: system of
linearized problems and construction of solutions

The linearization schema of nonlinear co-adsorption (1)–(8) is shown in order to
demonstrate the simplicity of implementation for the case of two diffusing compo-
nents (m ¼ 2) and isothermal adsorption. The simplified model (1)–(8) for the case
of m ¼ 2 is converted into the form

дСs t,Zð Þ
дt

¼ Dinters

l2
∂
2Сs

∂Z2 � einter ~Ks
Dintras

R2
∂Qs

∂X

� �

X¼1
(A.21)

дQs t,X,Zð Þ
дt

¼ Dintras

R2
∂
2Qs

∂X2 þ 2
X
∂Qs

∂X

� �
, s ¼ 1, 2 (A.22)

with initial conditions

Cs t ¼ 0,Zð Þ ¼ 0;Qs t ¼ 0,X,Zð Þ ¼ 0;X ∈ 0, 1ð Þ, s ¼ 1, 2 (A.23)

boundary conditions for coordinate X of the crystallite

∂

∂X
Qs t,X ¼ 0,Zð Þ ¼ 0 (A.24)

Q1 t,X ¼ 1,Zð Þ ¼ K1C2 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ Langmuir equilibriumð Þ,

Q2 t,X ¼ 1,Zð Þ ¼ K2C2 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ

(A.25)

boundary and interface conditions for coordinate Z

Cs t, 1ð Þ ¼ 1,
дСs

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0, ttotal

� �
(A.26)

K1 ¼ θ1
p1 1�θ1�θ2ð Þ ,K2 ¼ θ2

p2 1�θ1�θ2ð Þ, where p1, p2 are the co-adsorption equilibrium

constants and partial pressure of the gas phase for 1-th and 2-th component and
θ1, θ2, are the intra-crystallite spaces occupied by the corresponding adsorbed mol-
ecules. The expression φs C1,C2ð Þ ¼ Cs t,Zð Þ

1þK1C1 t,Zð ÞþK2C2 t,Zð Þ is represented by the series of
Tailor [5]:

φs C1,C2ð Þ ¼ φs 0, 0ð Þ þ ∂φs

∂C1

����
0,0ð Þ

C1 þ ∂φs

∂C2

����
0,0ð Þ

C2

 !

þ 1
2!

∂
2φs
∂C2

1

���
0,0ð Þ

C2
1 þ 2 ∂

2φs
∂C1C2

���
0,0ð Þ

C1C1þ

þ∂
2φs
∂C2

2

���
0,0ð Þ

C2
2

0
B@

1
CAþ …

(A.27)
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As a result of transformations, limiting to the series not higher than the second
order, we obtain

K1C1 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ ¼ K1C1 t,Zð Þ � K2

1C
2
1 t,Zð Þ þ 1

2
K1K2C1 t,Zð ÞC2 t,Zð Þ

� �
,

K2C2 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ ¼ K2C2 t,Zð Þ � 1

2
K1K2C2

1 t,Zð ÞC1
2 t,Zð Þ þ K2

2C
2
2 t,Zð Þ

� �

(A.28)

Substituting the expanded expression (A.28) in Eq. (A.25) of nonlinear systems
(A.20)–(A.26), we obtain

Q1 t, X,Zð ÞX¼1 ¼ K1C1 t,Zð Þ � ε C2
1 t,Zð Þ þ 1

2
K2

K1
C1 t,Zð ÞC2 t,Zð Þ

� �
,

Q2 t, X,Zð ÞX¼1 ¼ K2C2 t,Zð Þ � ε
1
2
K2

K1
C1 t,Zð ÞC2 t,Zð Þ þ K2

K1

� �2

C2
2 t,Zð Þ

 ! (A.29)

where ε ¼ K2
1 < < 1 is the small parameter.

Taking into account the approximate equations of the kinetics of co-adsorption
(A.29) containing the small parameter ε, we search for the solution of the problem
(A.21)–(A.26) by using asymptotic series with a parameter ε in the form [6, 7]

Cs t, Zð Þ ¼ Cs0 t, Zð Þ þ εCs1 t, Zð Þ þ ε2Cs2 t, Zð Þ þ … , (A.30)

Qs t,X,Zð Þ ¼ Qs0 t,X,Zð Þ þ εQs1 t,X,Zð Þ þ ε2Qs2 t,X,Zð Þ þ … , s ¼ 1, 2 (A.31)

As the result of substituting the asymptotic series (A.30)–(A.31) into the equa-
tions of the nonlinear boundary problem (A.21)–(A.26) considering Eq. (A.28), the
problem (A.21)–(A.26) will be parallelized into two types of linearized boundary
problems [6]:

The problem As0 , s ¼ 1, 2 (zero approximation with initial and boundary conditions
of the initial problem): to find a solution in the domain D ¼ t, X, Zð Þ :f
t>0,X ∈ 0, 1ð Þ,Z ∈ 0, 1ð Þg of a system of partial differential equations

дСs0 t,Zð Þ
дt

¼ Dinters

l2
∂
2Сs0

∂Z2 � einter ~Ks
Dintras

R2

∂Qs0

∂X

� �

X¼1
(A.32)

дQs0 t,X,Zð Þ
дt

¼ Dintras

R2

∂
2Qs0

∂X2 þ 2
X
∂Qs0

∂X

� �
(A.33)

with initial conditions.

Cs0 t ¼ 0,Zð Þ ¼ 0;Qs0 t ¼ 0,X,Zð Þ ¼ 0;X ∈ 0, 1ð Þ, s ¼ 1, 2 (A.34)

boundary conditions for coordinate X of the crystallite

∂

∂X
Qs0 t,X ¼ 0,Zð Þ ¼ 0 (A.35)

Qs0 t,X ¼ 1,Zð Þ ¼ KsCs0 t,Zð Þ, s ¼ 1, 2 (A.36)

boundary and interface conditions for coordinate Z.
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Cs0 t, 1ð Þ ¼ 1,
дСs0

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0,Tð Þ (A.37)

The problem An; n ¼ 1,∞ (nth approximation with zero initial and boundary
conditions): to construct in the domain D a solution of a system of equations

дСsn t,Zð Þ
дt

¼ Dinters

l2
∂
2Сsn

∂Z2 � einter ~Ks
Dintras

R2

∂Qsn

∂X

� �

X¼1
(A.38)

дQsn t,X,Zð Þ
дt

¼ Dintras

R2

∂
2Qsn

∂X2 þ 2
X
∂Qsn

∂X

� �
(A.39)

with initial conditions.

Csn t ¼ 0,Zð Þ ¼ 0;Qsn t ¼ 0,X,Zð Þ ¼ 0; s ¼ 1, 2 (A.40)

boundary conditions for coordinate X of the crystallite.

∂

∂X
Qsn t,X ¼ 0,Zð Þ ¼ 0 (A.41)

Q1n t,X,Zð ÞX¼1 ¼ K1C1n t,Zð Þ �
Xn�1

ν¼0

C1v t, Zð Þ C1,n�1�ν t, Zð Þ þ 1
2
K2

K1
C2,n�1�ν t, Zð Þ

� �
,

Q2n t,X,Zð ÞX¼1 ¼ K2C2n t,Zð Þ �
Xn�1

ν¼0

C2s t, Zð Þ 1
2
K2

K1
C1,n�1�ν t, Zð Þ þ K2

K1

� �2

C2,n�1�ν t, Zð Þ
 !

(A.42)

boundary and interface conditions for coordinate Z.

Csn t, 1ð Þ ¼ 0,
дСs0

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0, ttotal

� �
(A.43)

The problems As0 , s ¼ 1, 2 are linear with respect to zero approximation Cs0 ,Qs0 ;
the problems Asn ; n ¼ 1,∞ are linear with respect to the n-th approximation Csn ,Qsn
and nonlinear with respect to all previous n-1 approximations Cs0 , … ,Csn�1 .

As demonstrated for the two-component adsorption model (A.21)–(A.26), our
proposed methodology can easily be developed and applied to the co-adsorption of
any number of gases.
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As a result of transformations, limiting to the series not higher than the second
order, we obtain

K1C1 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ ¼ K1C1 t,Zð Þ � K2

1C
2
1 t,Zð Þ þ 1

2
K1K2C1 t,Zð ÞC2 t,Zð Þ

� �
,

K2C2 t,Zð Þ
1þ K1C1 t,Zð Þ þ K2C2 t,Zð Þ ¼ K2C2 t,Zð Þ � 1

2
K1K2C2

1 t,Zð ÞC1
2 t,Zð Þ þ K2

2C
2
2 t,Zð Þ

� �

(A.28)

Substituting the expanded expression (A.28) in Eq. (A.25) of nonlinear systems
(A.20)–(A.26), we obtain

Q1 t, X,Zð ÞX¼1 ¼ K1C1 t,Zð Þ � ε C2
1 t,Zð Þ þ 1

2
K2

K1
C1 t,Zð ÞC2 t,Zð Þ

� �
,

Q2 t, X,Zð ÞX¼1 ¼ K2C2 t,Zð Þ � ε
1
2
K2

K1
C1 t,Zð ÞC2 t,Zð Þ þ K2

K1

� �2

C2
2 t,Zð Þ

 ! (A.29)

where ε ¼ K2
1 < < 1 is the small parameter.

Taking into account the approximate equations of the kinetics of co-adsorption
(A.29) containing the small parameter ε, we search for the solution of the problem
(A.21)–(A.26) by using asymptotic series with a parameter ε in the form [6, 7]

Cs t, Zð Þ ¼ Cs0 t, Zð Þ þ εCs1 t, Zð Þ þ ε2Cs2 t, Zð Þ þ … , (A.30)

Qs t,X,Zð Þ ¼ Qs0 t,X,Zð Þ þ εQs1 t,X,Zð Þ þ ε2Qs2 t,X,Zð Þ þ … , s ¼ 1, 2 (A.31)

As the result of substituting the asymptotic series (A.30)–(A.31) into the equa-
tions of the nonlinear boundary problem (A.21)–(A.26) considering Eq. (A.28), the
problem (A.21)–(A.26) will be parallelized into two types of linearized boundary
problems [6]:

The problem As0 , s ¼ 1, 2 (zero approximation with initial and boundary conditions
of the initial problem): to find a solution in the domain D ¼ t, X, Zð Þ :f
t>0,X ∈ 0, 1ð Þ,Z ∈ 0, 1ð Þg of a system of partial differential equations

дСs0 t,Zð Þ
дt

¼ Dinters

l2
∂
2Сs0

∂Z2 � einter ~Ks
Dintras

R2

∂Qs0

∂X

� �

X¼1
(A.32)

дQs0 t,X,Zð Þ
дt

¼ Dintras

R2

∂
2Qs0

∂X2 þ 2
X
∂Qs0

∂X

� �
(A.33)

with initial conditions.

Cs0 t ¼ 0,Zð Þ ¼ 0;Qs0 t ¼ 0,X,Zð Þ ¼ 0;X ∈ 0, 1ð Þ, s ¼ 1, 2 (A.34)

boundary conditions for coordinate X of the crystallite

∂

∂X
Qs0 t,X ¼ 0,Zð Þ ¼ 0 (A.35)

Qs0 t,X ¼ 1,Zð Þ ¼ KsCs0 t,Zð Þ, s ¼ 1, 2 (A.36)

boundary and interface conditions for coordinate Z.
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Cs0 t, 1ð Þ ¼ 1,
дСs0

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0,Tð Þ (A.37)

The problem An; n ¼ 1,∞ (nth approximation with zero initial and boundary
conditions): to construct in the domain D a solution of a system of equations

дСsn t,Zð Þ
дt

¼ Dinters

l2
∂
2Сsn

∂Z2 � einter ~Ks
Dintras

R2

∂Qsn

∂X

� �

X¼1
(A.38)
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� �
(A.39)

with initial conditions.

Csn t ¼ 0,Zð Þ ¼ 0;Qsn t ¼ 0,X,Zð Þ ¼ 0; s ¼ 1, 2 (A.40)

boundary conditions for coordinate X of the crystallite.

∂

∂X
Qsn t,X ¼ 0,Zð Þ ¼ 0 (A.41)

Q1n t,X,Zð ÞX¼1 ¼ K1C1n t,Zð Þ �
Xn�1

ν¼0

C1v t, Zð Þ C1,n�1�ν t, Zð Þ þ 1
2
K2

K1
C2,n�1�ν t, Zð Þ

� �
,

Q2n t,X,Zð ÞX¼1 ¼ K2C2n t,Zð Þ �
Xn�1

ν¼0

C2s t, Zð Þ 1
2
K2

K1
C1,n�1�ν t, Zð Þ þ K2

K1

� �2

C2,n�1�ν t, Zð Þ
 !

(A.42)

boundary and interface conditions for coordinate Z.

Csn t, 1ð Þ ¼ 0,
дСs0

дZ
t,Z ¼ 0ð Þ ¼ 0, t∈ 0, ttotal

� �
(A.43)

The problems As0 , s ¼ 1, 2 are linear with respect to zero approximation Cs0 ,Qs0 ;
the problems Asn ; n ¼ 1,∞ are linear with respect to the n-th approximation Csn ,Qsn
and nonlinear with respect to all previous n-1 approximations Cs0 , … ,Csn�1 .

As demonstrated for the two-component adsorption model (A.21)–(A.26), our
proposed methodology can easily be developed and applied to the co-adsorption of
any number of gases.
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Zeolites as Chameleon
Biomaterials: Adsorption of
Proteins, Enzymes, Foods, Drugs,
Human Cells, and Metals on
Zeolite Membranes with Versatile
Physics-Chemical Properties
Adalgisa Tavolaro, Silvia Catalano and Palmira Tavolaro

Abstract

This chapter is dedicated to demonstrating how both the hydrothermal synthesis
of crystalline zeolites with precise atomic compositions and the knowledge of their
physics-chemical characteristics allow designing selective materials, useful as
powerful tools for biomedical applications. The adsorption of proteins and
enzymes, dyes, and drugs and the preparation of scaffolds for in vitro testing of new
food and cosmetic formulations are discussed according to the configuration, the
composition, and the morphology of prepared materials. Finally, the study of the
chemical, molecular, and supramolecular interactions between interesting biologi-
cal species, drugs, cells, and synthetic materials was used to produce advanced
materials and active scaffolds.

Keywords: zeolite membranes, adsorption, proteins and enzymes, drug delivery,
cell cultures, food analysis

1. Introduction

The problem of creating excellent biomaterials is a scientific challenge with
enormous effects on the economy and health field. Today, synthetic zeolitic mate-
rials are probably an opportunity to prepare a successful alternative to traditional
biomaterials. Study, chemical design, and manufacture of various inorganic struc-
tures allow to have active biomaterials which, in all applications, avoid unwanted
responses of the body such as thrombosis [1], inflammatory reactions [2], and
infections [3, 4]. In fact, the chemical and physical characteristics of the internal
and external surfaces of these microporous materials lend themselves to well inter-
act with exchangeable and reactive ions (e.g., toward drugs and microbes), with
proteins (preserving their biological reactivity), and with cells (being non-
cytotoxic). Certainly, the chemical approach must be modified by replacing the
traditional parameters used to characterize biomaterials with novel concepts such as
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contact angle with point of zero charge (PZC) and wettability with silicon/alumi-
num ratio. All the most advanced applications concern materials that occur in a
membrane configuration [5], i.e., having chemical and physical selectivity whether
they are pure materials, in mixture, or made of overlapping layers (composites).
Zeolites, already in the form of crystals, have selectivity (shape selectivity,
hydrophobicity/hydrophilicity), which can be modified by means of chemical
functionalization, ion exchange, impregnation, etc.

2. Traditional biomaterials

A biomaterial has been defined as any substance (other than a drug) or a
combination of substances, synthetic or of natural origin, which can be used for any
period of time, in whole or in part of a system that treats, increases, or replaces
any tissue, organ, or body function.

In 1992 Black defined biomaterial as “a non-living material used in a medical
device, designed to interact with biological systems.”

The fundamental requirements of every biomaterial are compatibility with
human tissues and possessing all those physical, chemical, and biological character-
istics that allow the material to adequately perform the task for which it was
designed, such as constituting a resistant support, replacing fabrics lost, and
promoting regrowth of damaged tissues.

Today, more and more, research in the field of biomaterials is fueled by the need
to find new materials that can last a long time, due to the increase in the average life
of the population, the increased need for prostheses even by young people, and the
need to reduce the number of revisions that weigh on public health costs. Further-
more, the biological materials deriving from homologous or heterologous trans-
plants have shown important problems: limited availability, need for a further
surgical operation, potential transmission of infectious diseases, reduced
osteoconductive capacity, and limited ability to be incorporated into the host bone.

Biomaterials can be divided into three main types based on the response that
they generate in the host tissue: an inert material does not cause a response in the
tissue, a bioactive material is integrated by the surrounding tissues, and a degrad-
able material is reabsorbed and incorporated into the surrounding tissue and can
even dissolve completely after a certain time. To date, the materials most frequently
used in medical applications are metals, typically inert and used for applications
subjected to loads, with sufficient fatigue resistance to withstand daily activity;
ceramics, used for their hardness and resistance to stress in applications such as
joint surfaces, in teeth and in surfaces in contact with bone; and polymers, used for
their stability and flexibility but also for low friction in articular surfaces (Figure 1).

2.1 Important physics features

2.1.1 Morphology

Substrate morphology can influence cell adhesion, influencing the substrate’s
ability to adsorb proteins and/or altering the conformation of adsorbed proteins.

For example, material roughness affects the adhesiveness of platelets. Blood
normally coagulates when exposed to surfaces different from the biological endo-
thelial ones; for this reason various attempts have been made to find a synthetic
material that is biocompatible with blood. When the surfaces were tested in a
laminar flow cell, it is noted that an added surface roughness led to a decrease in
platelet adhesion on hydrophilic surfaces, while an increase in platelet adhesion was
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found on hydrophobic surfaces. This demonstrates that morphology influences the
properties of the material and therefore its interaction with the cells.

2.1.2 Topography

Another aspect of the morphology that must be considered to control the cellular
response is surface topography. Topography, coupled with biochemical and physi-
cal signals, regulates cellular functions such as migration, adhesion, morphogenesis,
differentiation, and apoptosis. Topography not only allows the systematic study of
cell-substrate interactions but can also control cell orientation and morphology,
which in turn controls other cellular responses. Therefore the techniques used to
create substrate, precise, high-resolution surfaces acquire great importance. Today,
topographies are generated with a resolution up to micrometer level, but with the
advancement of modeling techniques and technology, the resolution level will reach
the nanometer scale like the most in vivo structures (such as the collagen fibrils of
the basement membrane).

As previously stated, topography can induce changes in cell morphology, thus
influencing cellular responses such as proliferation, gene expression, and cellular
function. These responses also vary depending on the type of cells being used for
sowing. For example, the experimentation conducted with surfaces on which chan-
nels have been produced revealed that many cell types tend to line up along the
main axis of the channels themselves and that often the organization of the cyto-
skeletal components and the focal contacts is oriented in the same direction. The
degree of cellular alignment in the direction identified by the channels depends in a
complex way on the characteristics of the topographical surface structure.

Finally, it has been observed that also the symmetry and regularity of the
topographical structure are important properties of the substrate that influence
cellular behavior. The results showed that regular topography reduces cell adhesion
very markedly, while surface discontinuities have improved cell adhesion. This

Figure 1.
Type of biomaterials and their biomedical applications.
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shows that the substrate topography is important for cell adhesion and therefore for
cell-substrate interaction.

2.1.3 Stiffness

Stiffness of a material is measured with the modulus of elasticity or Young’s
modulus. It is important to have sufficient substrate stiffness for the anchor-
dependent cells to adhere to the surface. It is fundamental for the characterization
of the interactions that modulate intracellular signaling pathways and cellular
events, from gene expression to cellular locomotion. In fact, cell movement can be
guided by manipulation of substrate stiffness characteristics. It has been shown how
the mechanical properties of the matrix influence the differentiation of stem cells.
Moreover, the proliferation and cellular mobility varied as the stiffness of the
substrate varied. In particular, different types of substrates with different stiffness
seeded with NSPC2 cells showed that the optimal stiffness for proliferation was
3.5 kPa, while for neuronal differentiation, it is less than 1 kPa [6].

2.1.4 Crystallinity

By controlling the amorphous-crystalline microstructure of the surface layer of
the substrate, it is possible, for example, to improve the compatibility of blood
surfaces. Surfaces with different degrees of crystallinity were tested, and an
increase in the adhesiveness of the platelets was noticed on substrates that had less
crystallinity. The particular amorphous-crystalline surface microstructure also
modified the denaturation of adsorbed proteins. For example, the particular
amorphous-crystalline microstructure of apolar surfaces such as propylene (with
55% surface layer crystallinity) has been shown to reduce platelet activity [7].

During the design of scaffolds for in vivo implantation, crystallinity can also
influence the biodegradability of the scaffold and consequently the cellular
response. The crystalline region is in fact more resistant to water infiltration and
therefore delays the degradation of the biomaterial. For example, the adhesion,
proliferation, and morphology of human chondrocytes of articular cartilage tested
as a function of the crystallinity of various degradable polymers. The results
suggested that cell proliferation is slower on crystalline polymers than amorphous
polymers. This highlights the interesting dynamics between cell and substrate
depending on the crystallinity of the material.

A variation in crystallinity can also affect surface roughness, on a nanometric
scale. Osteoblasts seeded on polymeric substrates having different crystallinity and
their number were measured using fluorescence microscopy. The results showed
that the proliferation rate was greater on the smooth regions of the substrates, while
it was smaller on the rough regions; a decreasing monotonic variation of prolifera-
tion as a function of roughness was observed. The critical roughness above which
there is a significant reduction in the proliferation rate is 1.1 nm. It has therefore
been shown that the cells respond directly to the topography of the substrate, as
they are sensitive to nanometric variations in the substrate topography.

2.2 Important chemical features

2.2.1 Wettability

Wettability of a solid surface is a measure of its hydrophobicity and hydrophi-
licity. It concerns to the ease liquid phase spreading on a solid surface, which, for
polymeric materials, is generally evaluated by contact angle measurements. Contact
angle represents the angle formed by the intersection of liquid-solid and
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liquid-vapor interface, obtained by virtual tangent drawing along the vapor-liquid
interface. Water molecules are not able to form hydrogen bonds with the hydro-
phobic support; therefore, they form hydrogen bonds between them generating a
more ordered structure with less entropy. Water molecules on a polymeric surface
reorganize around proteins, causing the irreversible unfolding and adsorption of
native proteins on the substrate surface. The proteins present in the serum can act
as surfactants, or they can lower the surface tension of a liquid; the hydrophobic
domains interact with the substrate and the hydrophilic domains form hydrogen
bonds with the water molecules, thus facilitating the wettability of the surfaces.
This involves a release of ordered water molecules, which is energetically favorable
due to the increase in entropy, known as hydrophobic effect. In general, proteins
are preferentially adsorbed on hydrophobic surfaces, mediated by their hydropho-
bic domains. Instead of seeing the underlying surface, the cells see the layer of
proteins adsorbed on the surface of the substrate, which then modulate cell
adhesion.

2.2.2 Surface charge

Polymeric biomaterial surface charge affects the adsorption and the unfolding
of proteins on its surface. Unlike wettability, the driving force for protein unfolding
on a charged surface is electrostatic interaction, not hydrophobic interactions. Pro-
tein unfolding depends on the net charge that proteins and cells encounter on the
surface in the cell culture medium. Many proteins have a net negative surface
charge, which promotes their adsorption on a positively charged surface.

2.3 Zeolites as biomaterials

We can imagine that the adaptability of zeolitic materials to interact with dif-
ferent biologically active molecular species and with different environments
containing cells makes them (within the vast field of biomaterials) entirely compa-
rable to chameleons (in the animal kingdom). In fact, it can be imagined that just as
the complex specialized organization of cells can produce a color change in chame-
leons (by acting on well-defined physical parameters), the changing complex
chemical organization in zeolite framework can interact with proteins, enzymes,
cells, and foods (by modifying the preparation methods). The chameleon-like char-
acteristics of the zeolite membranes as biomaterials can be inferred from the various
applications reported in the literature and are highlighted in Figure 2.

Zeolites used as biomaterials can be distinguished according to the origin: natu-
ral, artificial, and synthetic. It should be noted that the crystallized structures by
means of hydrothermal reactions in the laboratory under controlled conditions
have, at the same time, higher crystallinity, purity, and reproducibility of chemical
composition, zeolitic structure, dimensions, morphology, and distribution of the
pore and channel system. The choices of chemical parameters, in the synthesis and
in the pre- or posttreatments, always have repercussions on the macroscopic
chemical-physical characteristics of prepared materials, such as the hydrophobicity,
the point of zero charge (PZC), and the presence of the various types of ions,
present in the form of exchangeable cations or clusters. We can analyze these
different characteristics by gradually shifting our analysis from the microscopic
atomic field to the macroscopic membrane field.

2.4 Synthesis and characterization of zeolite biomaterials

Zeolites are bi-functional materials having both Lewis and Brönsted acidity.
These two types of acidity are not independent of each other but are closely related
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to each other, and both participate in the formulation of the total acidity and
hydrophilicity of the zeolitic material. Lewis acidity is linked to the presence and
relative concentration of trivalent aluminum atoms within the framework (and of
other chemically equivalent atoms); therefore, it strongly depends on the so-called
SAR ratio. Hydrophobic zeolites are not very acidic (like silicalite-1 or silicalite-2),
while hydrophilic zeolites (like zeolite Y or zeolite A) or isomorphically substituted
(with cation 3+) have a high value of Lewis acidity (Figure 3).

The second type of acidity is linked to functional silanol groups and more
complicated to analyze. We must distinguish between Brönsted acidity of the single
bonds (electronically influenced by the neighboring atoms) and the total acidity
(depending both on the chemical composition and on the reaction environment
used for the synthesis). As a first approximation, we can consider Brönsted total
acidity concerning the outer surface of the crystals so it is probably the most
important type in interactions with species larger in size than that of zeolite pores
such as human cells (Figure 4).

Figure 2.
Application fields of zeolite biomaterials.

Figure 3.
Scheme of Lewis and Brönsted acidity of single bonds. The substitution of tetravalent Si atoms in the lattice with
the trivalent Al atoms generates local negative charges, which are then compensated by extra-framework
cations. The charge compensation by protons results in strong Brönsted acid sites.
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Finally, an extremely important characteristic is point of zero charge (PZC),
which is the pH value at which the zeolitic membrane is electrically neutral.

Zeolites have been approved and defined as safe for human consumption by the
FDA (Code of Federal Regulations, April 2017). They are also widely used in
agriculture as fertilizers because they are declared nontoxic by IARC (IARC, Lyon,
Vol. 68, 5061997). Furthermore, they have been approved by the Codex
Alimentarius Commission for their use as fertilizer (Codex Alimentarius Commis-
sion, 2016) and EFSA experts as flavoring material or food storage adjuvant (EFSA J
11: 3155, 2013) and use as feed additives (EFSA J11: 3039 2013).

Only a natural type of fibrous zeolite is considered dangerous and erionite [8, 9].
It can induce, if breathed, tumors (pleural and peritoneal mesothelioma) and
pathologies of the respiratory system, caused by its microfibrous morphological
characteristics.

Another use of zeolites, with good results, is to add them as additives for animal
feed. The integration of zeolites in animal feed has been studied on different ani-
mals (sheep, calves, pigs, etc.), and the results obtained have shown that these
substances allow preventing diseases. Moreover, the use of zeolite in animal nutri-
tion improves the assimilation of nutrients and therefore, consequently, promotes
an increase in weight of the animal itself [10].

In recent years, zeolitic membranes have been studied as new biomaterials used
for biomedical applications. These membranes, in fact, are considered as an ideal
support for the immobilization of biological molecules not having the limitations
associated with traditional polymeric membranes [11].

Numerous biological molecules were adsorbed and immobilized on zeolite
crystals and membranes. These species include cytochrome c [11], bovine serum
albumin (BSA) [12], glucose [13], uremic toxins [14, 15], nitrosamines [16],
and catalase [17].

An important characteristic of zeolitic membranes is that the basic/acid nature
of the material can be modified by varying the Si/Al ratio or by introducing differ-
ent metals (Me) into the crystalline structure and changing the Si/Me ratio [12].

Cytochrome c is a water-soluble electron carrier that is efficiently immobilized
onto zeolitic membranes, but the composition of the membrane is an important
factor that influences the immobilization performance. We also studied adsorption
of BSA protein [12] on FAU, BEA, and MFI zeolite crystals synthesized under
hydrothermal conditions and membranes showing that the chemical composition

Figure 4.
Schematic summary of the Brönsted acidity for zeolitic biomaterials.
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and structure of zeolitic membranes influences protein adsorption kinetics. In our
work the acidity of zeolite structures was modulated considering several frame-
works and MFI structures (having isomorphous vanadium atoms incorporated into
the crystalline structure), and Si/Al, Si/V, and Al/V ratios were varied changing the
chemical composition of the gels’ reaction precursors.

Obtained results shows that zeolite Y surface adsorbs largest amounts of BSA
and its percentage of adsorption increases with temperature and depends on the pH
of the solution used, being absolute maximum in correspondence of protein pI
value. The adsorption difference between the various types of zeolite also depends
on the type of hydrothermal crystallization within the inorganic support [12].

2.5 Classification of zeolite membranes

Zeolitic membranes are membranes in which the selectivity is due to the zeolitic
structure regardless of the membrane constitution and morphology (Figure 5).
Composite, self-supported, mesoporous, and mixed-matrix membranes can cer-
tainly be considered zeolitic if the chemical-physical zeolite characteristics influ-
ence the process to which they are applied.

Zeolitic membranes consist of intergrown crystals of sizes in the range of a few
nanometers up to several hundred microns. They can be formed in self-supported
zeolite membranes, which are very fragile, and therefore, for applications that
require the use of pressure gradients, microporous film is grown using permanent
inorganic (e.g., ceramic and metal) and organic (e.g., plastic and wood) supports.

Zeolitic membranes can be classified into various categories based on their
shared physics-chemical and morphological characteristics, using various classifi-
cation parameters. Currently, we can identify eight possible classification systems
that can coexist and are preferred by scientists depending, for example, on the
material application or the feature studied. These systems can thus be identified on
the inclusion criterion used:

• Chemical composition

• Membrane morphology

• Type of crystalline zeolite framework

Figure 5.
Classification of zeolite membranes.
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• Pore size

• Type of crystallization (Figure 6)

• Synthesis methodology

• Metal-containing frameworks

• Origin (natural, artificial, synthetic)

Classification based on the membrane chemical composition includes inorganic,
composite, and hybrid membranes. Inorganic zeolitic membranes are solid mem-
branes made of zeolitic crystals and/or inorganic materials such as metals, oxides,
amorphous silica, and ceramic particles. These membranes are very stable and
resistant to mechanical stress at high temperatures and pressure gradients.

Composite membranes are constituted by a superposition of different materials
layers, which can be evidenced by an orthogonal section to the surface like zeolite/
alumina membranes.

Hybrid membranes (mixed-matrix membranes) include membranes consisting
of zeolitic crystals dispersed in a polymeric film. These membranes have great
tensile strength and great elasticity but low thermal and mechanical resistance as
well as poor aging stability. They are prepared easily and quickly by means of
inclusions or crystal depositions.

3. Adsorption

The possibility of modulating the specific characteristics of zeolites in a mem-
brane configuration using inorganic zeolitic membranes in biotechnological appli-
cations such as molecular separations, enzymatic membrane reactors, protein chips,
drug delivery, etc. is an attractive perspective that would offer remarkable potential
applications. Naturally, the selection of materials suitable for specific applications
cannot ignore the study of the interaction between the biological species and the
crystalline inorganic support and therefore the understanding of adsorption.

Figure 6.
Schematic representation of different types of zeolite membrane crystallizations.
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Although the zeolitic materials have been well characterized and widely used in
chromatographic applications, the analysis of protein adsorption on zeolitic crystals
is poorly reported in the literature, and even less numerous are the research activ-
ities concerning the zeolitic membranes.

Adsorption is a surface phenomenon characterized by the interaction of a
molecular species present in a solution (adsorbate) with the external or internal
porous surface of a solid (absorbent). In the thermodynamic sense, most studies
have considered adsorption as a reaction, which, of course, is more extensive if the
solid material has a high surface area Eq. (1):

Aþ Bsolid $ AB (1)

The species A dissolved in the solution reacts with the adsorbent B to form AB.
In a thermodynamic equilibrium situation, the Gibbs free energy change tends

to zero, whereas the two chemical potentials are equal according to Eq. (2):

ΔG ¼ μs�l � μl ¼ ΔG0 þ RTln Keð Þ ¼ 0 (2)

where ΔG is the Gibbs free energy change, μs-l is the chemical potential in the
solid–liquid interface, μl is the chemical potential in the liquid phase, R is the
universal gas constant, and Ke is the equilibrium thermodynamic constant (Cheng
and Zhang, 2014 da Bonilla):

ln Keð Þ ¼ �ΔH0

RT
þ ΔS0

R
¼ 0 (3)

Eq. (3) permits to calculate the adsorption thermodynamic values of ΔH° and
ΔS° plotting ln(Ke) versus I/T values in the van’t Hoff plot. A reasonable physic
meaning of Ke can be given considering:

Ke ¼ activity of occupied sites
activity of empty sites
� �

activity of adsorbate in solution
� � (4)

Ke ¼
qe
qm

1� qe
qm

� �
Ce
C°

(5)

and

qe ¼
qmKe

Ce
C°

� �

1þ Ke
Ce
C°

� � (6)

This last equation allows to obtain the dimensionless value of Ke by plotting the
experimental data obtained for qe (expressed in moles/grams) versus Ce (expressed
in moles per liter) and considering the value of C° equal to 1 mole per liter.

4. Adsorption of proteins and enzymes

It is known that protein molecules selectively bind to non-biological surfaces
such as those of the metals, of carbonate oxides, and semiconductors. Naturally, in
order to use these inorganic supports as biomaterials, it is necessary that the protein
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biological activity is preserved with immobilization. In fact, it is possible that the
interaction of the inorganic matrix with the protein causes its inactivity or func-
tional slowdown as a consequence of structural or conformational changes or steric
unavailability of the active site. Therefore, it is evident that a suitable selection of
the matrices is essential to obtain immobilized and, at the same time, active biolog-
ical species. Zeolites have a large surface area and thermal, mechanical, and chem-
ical resistance; therefore, they are well suited to the role of adsorbent supports for
biological molecules. The acid/base nature of the material can be modified changing
the silicon/aluminum ratio (called SAR) of the framework or introducing different
metal atoms into it (creating isomorphic substitution) and varying the silicon/metal
ratio by synthesis. Furthermore, it is possible to modify the acidity of zeolites by
ionic exchange of the extra-framework cations present in the microporous chan-
nels, for example, with protons.

5. Drug delivering zeolite biomaterials

Most biomaterials used for implants are inert, non-immunogenic, and nontoxic,
but devices made with such materials often contain parts that trigger the so-called
foreign body reaction, a material rejection complex process still not completely
understood and probably related to the presence of histamine and the fibrinogen
adsorption onto the implant surfaces [18]. These reactions can produce thrombosis,
infections, inflammations [19], formation of fibrotic tissues around implantation,
and prostheses. To realize novel active drug-releasing biomaterials, we prepared
low-cost, specific drug carrier membranes for innovative biomedical drug deliver-
ing materials for implants [20]. In order to achieve this purpose, we synthesized
MOR and MFI zeolite nanocrystals and composite membranes using porous stain-
less steel permanent supports; then we prepared ion-exchanged structures Cu(II)
and Zn(II)-containing hydrophilic frameworks.

Our work on the adsorption, and the subsequent release, of a model drug
revealed that these zeolite materials are useful to immobilize famotidine (3-[[[2-
diathiazolyl]methyl]thio]sulfamoylpropionamidine), a histamine H2 receptor. Fur-
thermore, we evidenced that the synthesized materials, having different types of
zeolitic structure and bivalent counter-cations, show different performances suit-
able to biomedical applications. In fact, the adsorption percentage of on transition
metal-containing nanocrystalline zeolites was greater with respect to the as-made
materials suggesting that these cations chemically interact with the drug and that
cupric ions form stable organometallic complexes.

6. Interaction of zeolite materials and cells

The composition of traditional scaffolds has changed considerably since the end
of the 1980s, when the field of tissue engineering was started in a systematic way.
This improvement reflects the greater scientific understanding of the needs of the
cells in the adhesion and management of their behavior, which are fundamental in
tissue engineering applications. The success of a new scaffold is not only based on
its mechanical characteristics or on the surrounding chemical environment but also
on its detailed chemical surface and topography (in a nanometer scale). These last
two characteristics are not so easy to achieve by chemical synthesis for a large
number of inorganic or polymeric materials.

The analysis of cell-substrate interaction is of fundamental importance in order to
design biomimetic scaffolds capable of replacing damaged vital organs, or tissues, or
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such as those of the metals, of carbonate oxides, and semiconductors. Naturally, in
order to use these inorganic supports as biomaterials, it is necessary that the protein
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biological activity is preserved with immobilization. In fact, it is possible that the
interaction of the inorganic matrix with the protein causes its inactivity or func-
tional slowdown as a consequence of structural or conformational changes or steric
unavailability of the active site. Therefore, it is evident that a suitable selection of
the matrices is essential to obtain immobilized and, at the same time, active biolog-
ical species. Zeolites have a large surface area and thermal, mechanical, and chem-
ical resistance; therefore, they are well suited to the role of adsorbent supports for
biological molecules. The acid/base nature of the material can be modified changing
the silicon/aluminum ratio (called SAR) of the framework or introducing different
metal atoms into it (creating isomorphic substitution) and varying the silicon/metal
ratio by synthesis. Furthermore, it is possible to modify the acidity of zeolites by
ionic exchange of the extra-framework cations present in the microporous chan-
nels, for example, with protons.

5. Drug delivering zeolite biomaterials

Most biomaterials used for implants are inert, non-immunogenic, and nontoxic,
but devices made with such materials often contain parts that trigger the so-called
foreign body reaction, a material rejection complex process still not completely
understood and probably related to the presence of histamine and the fibrinogen
adsorption onto the implant surfaces [18]. These reactions can produce thrombosis,
infections, inflammations [19], formation of fibrotic tissues around implantation,
and prostheses. To realize novel active drug-releasing biomaterials, we prepared
low-cost, specific drug carrier membranes for innovative biomedical drug deliver-
ing materials for implants [20]. In order to achieve this purpose, we synthesized
MOR and MFI zeolite nanocrystals and composite membranes using porous stain-
less steel permanent supports; then we prepared ion-exchanged structures Cu(II)
and Zn(II)-containing hydrophilic frameworks.

Our work on the adsorption, and the subsequent release, of a model drug
revealed that these zeolite materials are useful to immobilize famotidine (3-[[[2-
diathiazolyl]methyl]thio]sulfamoylpropionamidine), a histamine H2 receptor. Fur-
thermore, we evidenced that the synthesized materials, having different types of
zeolitic structure and bivalent counter-cations, show different performances suit-
able to biomedical applications. In fact, the adsorption percentage of on transition
metal-containing nanocrystalline zeolites was greater with respect to the as-made
materials suggesting that these cations chemically interact with the drug and that
cupric ions form stable organometallic complexes.

6. Interaction of zeolite materials and cells

The composition of traditional scaffolds has changed considerably since the end
of the 1980s, when the field of tissue engineering was started in a systematic way.
This improvement reflects the greater scientific understanding of the needs of the
cells in the adhesion and management of their behavior, which are fundamental in
tissue engineering applications. The success of a new scaffold is not only based on
its mechanical characteristics or on the surrounding chemical environment but also
on its detailed chemical surface and topography (in a nanometer scale). These last
two characteristics are not so easy to achieve by chemical synthesis for a large
number of inorganic or polymeric materials.

The analysis of cell-substrate interaction is of fundamental importance in order to
design biomimetic scaffolds capable of replacing damaged vital organs, or tissues, or
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to assist the body’s natural healing processes. The ability of a cell to recognize and
interact with the substrate represents the first indispensable step, without which
processes such as cell adhesion proliferation, migration, and differentiation would not
be possible. Therefore the understanding of the mechanisms that determine the early
phases of cell-material adhesion, as well as their control, is indispensable for the
design of biomaterials. Both the mechanical and biochemical properties of the mate-
rial determine the efficacy and agreed with which the cells recognize the material.

The possibility of modifying and controlling surface properties at the micro-/
nanolevel constitutes one of the major breakthroughs, because it opens a whole new
range of strategies seeking the desired interaction with the biological environment.
In order to prepare a new generation of biomaterials with enhanced properties, a
different approach needs to be reached, based on a more fundamental understand-
ing of the way in which the structure of a biomaterial controls its biological activity.
The chemical properties influence the surface properties of a material and, conse-
quently, cell behavior. When cells are exposed to a suitable scaffold, a layer of
proteins is adsorbed on the scaffold surface within a few milliseconds. Thus cells
“see” the layer of adsorbed proteins rather than the actual abiotic surface. The
chemistry of the surface of a scaffold can be developed in order to control the
adsorption of proteins, which in turn controls cell adhesion. According to the
hoped-for result, the chemical characteristics of the surface of a material can be
modified to modulate the interactions of cells adherent to the substrate, with con-
sequent influence on morphology, migration, differentiation, proliferation, and cell
apoptosis. The effect on cell behavior starts at the point of interaction. Furthermore,
the conformation of the surface chemistry also affects the way proteins are
immobilized and the adsorption of these on the surface. Starting from this assump-
tion, we designed and prepared various crystalline zeolite scaffolds, which are
different depending on the preparation method. It is evident that a porous, crystal-
line material having an inorganic framework with modulable acidity, hydrophilic-
ity, and pore size constitutes a stable, homogeneous, ion- and solvent-available
support. Zeolite membranes symbolize this novel type of chameleonic scaffold.

7. Zeolite scaffolds

Zeolite scaffolds provide a framework above and within which cells seeded in
the culture medium can adhere and over time populate them. These processes
require that the scaffold structure must also be able to support a growing number of
cells allowing the transport of sufficient amounts of nutrients and the removal of
waste products having an extended surface where the cells can adhere and migrate
freely so as to form a mass of cells with subsequent deposition of an active extra-
cellular matrix (ECM) [21].

A scaffold is a critical component of tissue engineering, as it is intended to
release, contain, and form new tissue in vitro or to promote tissue repair in vivo.
Porosity, architecture, and rate of degradation are important aspects of the material
that allow the growth of cells that guide the formation of tissues such as bone.

An ideal scaffold should have the following characteristics:

• Biocompatibility suitable not to induce any adverse reaction

• Degradation rate appropriate to match the tissue regeneration process

• Narrow pore size distribution to allow cells to have a sufficient space to grow
and access to nutrients and metabolites
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• High surface area to boost the cell adhesion

• Chemical composition appropriate to promote cell differentiation and growth

• Structural parameters appropriate to modulate cellular biosynthesis

When the adhered cells increase in number, they begin to enter the internal
pores of the scaffold. If the porosity and interconnection between the pores are
good, the cells grow and colonize the entire scaffold releasing their extracellular
matrix. The upper layer of cells consumes more oxygen and nutrients, thus limiting
the amount available for the cells that are migrating into the scaffold; the maximum
depth at which cells can survive corresponds to the depth of cellular penetration.
We studied many types of both self-supported and hybrid PLA-containing zeolitic
membranes (MMMs) to study interactions with different types of normal [22] or
carcinogenic (MDA-MB-231 [23] and MCF-7 [24]) cells. Initial cell tethering and
filopodia exploration are followed by lamellipodia ruffling, membrane activity, and
cell spreading. With time endogenous matrix is secreted by the cells, and matrix
assembly sites form on the ventral plasma biological membrane. Later, with
increased integrin recruitment, these early cell-matrix contacts form anchoring
focal complexes at the lamellipodium leading edge that are reinforced intracellularly
to form larger focal adhesion plaques upon increased intracellular and/or extracel-
lular tension. The regulation of focal adhesion formation in adherent cells is highly
complex and involves both the turnover of single integrins and the reinforcement of
the adhesion plaque by protein recruitment. It follows that focal adhesions emerge
as diverse protein networks that provide structural integrity and dynamically link
the ECM to intracellular actin filaments, directly facilitating cell migration and
spreading through continuous regulation and turnover. Furthermore, in combina-
tion with growth factor receptors, these adhesive clusters initiate signaling path-
ways and regulate the activity of nuclear transcription factors and processes crucial
to cell growth and differentiation. The adhesion sites act as mechanosensors that
form additional contact points with the underlying substratum in response. Preced-
ing focal adhesion reinforcement, a tightly regulated series of temporospatial events
occurs, mediating integrin clustering in an anisotropic manner in the direction of
force. Our works underlined that the cells of both lines assume a specific morphol-
ogy under the influence on the major peculiarities of scaffolds.

Figure 7.
Schematic representation of the antimicrobial activity of zeolite scaffolds.
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to assist the body’s natural healing processes. The ability of a cell to recognize and
interact with the substrate represents the first indispensable step, without which
processes such as cell adhesion proliferation, migration, and differentiation would not
be possible. Therefore the understanding of the mechanisms that determine the early
phases of cell-material adhesion, as well as their control, is indispensable for the
design of biomaterials. Both the mechanical and biochemical properties of the mate-
rial determine the efficacy and agreed with which the cells recognize the material.

The possibility of modifying and controlling surface properties at the micro-/
nanolevel constitutes one of the major breakthroughs, because it opens a whole new
range of strategies seeking the desired interaction with the biological environment.
In order to prepare a new generation of biomaterials with enhanced properties, a
different approach needs to be reached, based on a more fundamental understand-
ing of the way in which the structure of a biomaterial controls its biological activity.
The chemical properties influence the surface properties of a material and, conse-
quently, cell behavior. When cells are exposed to a suitable scaffold, a layer of
proteins is adsorbed on the scaffold surface within a few milliseconds. Thus cells
“see” the layer of adsorbed proteins rather than the actual abiotic surface. The
chemistry of the surface of a scaffold can be developed in order to control the
adsorption of proteins, which in turn controls cell adhesion. According to the
hoped-for result, the chemical characteristics of the surface of a material can be
modified to modulate the interactions of cells adherent to the substrate, with con-
sequent influence on morphology, migration, differentiation, proliferation, and cell
apoptosis. The effect on cell behavior starts at the point of interaction. Furthermore,
the conformation of the surface chemistry also affects the way proteins are
immobilized and the adsorption of these on the surface. Starting from this assump-
tion, we designed and prepared various crystalline zeolite scaffolds, which are
different depending on the preparation method. It is evident that a porous, crystal-
line material having an inorganic framework with modulable acidity, hydrophilic-
ity, and pore size constitutes a stable, homogeneous, ion- and solvent-available
support. Zeolite membranes symbolize this novel type of chameleonic scaffold.

7. Zeolite scaffolds

Zeolite scaffolds provide a framework above and within which cells seeded in
the culture medium can adhere and over time populate them. These processes
require that the scaffold structure must also be able to support a growing number of
cells allowing the transport of sufficient amounts of nutrients and the removal of
waste products having an extended surface where the cells can adhere and migrate
freely so as to form a mass of cells with subsequent deposition of an active extra-
cellular matrix (ECM) [21].

A scaffold is a critical component of tissue engineering, as it is intended to
release, contain, and form new tissue in vitro or to promote tissue repair in vivo.
Porosity, architecture, and rate of degradation are important aspects of the material
that allow the growth of cells that guide the formation of tissues such as bone.

An ideal scaffold should have the following characteristics:

• Biocompatibility suitable not to induce any adverse reaction

• Degradation rate appropriate to match the tissue regeneration process

• Narrow pore size distribution to allow cells to have a sufficient space to grow
and access to nutrients and metabolites
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• High surface area to boost the cell adhesion

• Chemical composition appropriate to promote cell differentiation and growth

• Structural parameters appropriate to modulate cellular biosynthesis

When the adhered cells increase in number, they begin to enter the internal
pores of the scaffold. If the porosity and interconnection between the pores are
good, the cells grow and colonize the entire scaffold releasing their extracellular
matrix. The upper layer of cells consumes more oxygen and nutrients, thus limiting
the amount available for the cells that are migrating into the scaffold; the maximum
depth at which cells can survive corresponds to the depth of cellular penetration.
We studied many types of both self-supported and hybrid PLA-containing zeolitic
membranes (MMMs) to study interactions with different types of normal [22] or
carcinogenic (MDA-MB-231 [23] and MCF-7 [24]) cells. Initial cell tethering and
filopodia exploration are followed by lamellipodia ruffling, membrane activity, and
cell spreading. With time endogenous matrix is secreted by the cells, and matrix
assembly sites form on the ventral plasma biological membrane. Later, with
increased integrin recruitment, these early cell-matrix contacts form anchoring
focal complexes at the lamellipodium leading edge that are reinforced intracellularly
to form larger focal adhesion plaques upon increased intracellular and/or extracel-
lular tension. The regulation of focal adhesion formation in adherent cells is highly
complex and involves both the turnover of single integrins and the reinforcement of
the adhesion plaque by protein recruitment. It follows that focal adhesions emerge
as diverse protein networks that provide structural integrity and dynamically link
the ECM to intracellular actin filaments, directly facilitating cell migration and
spreading through continuous regulation and turnover. Furthermore, in combina-
tion with growth factor receptors, these adhesive clusters initiate signaling path-
ways and regulate the activity of nuclear transcription factors and processes crucial
to cell growth and differentiation. The adhesion sites act as mechanosensors that
form additional contact points with the underlying substratum in response. Preced-
ing focal adhesion reinforcement, a tightly regulated series of temporospatial events
occurs, mediating integrin clustering in an anisotropic manner in the direction of
force. Our works underlined that the cells of both lines assume a specific morphol-
ogy under the influence on the major peculiarities of scaffolds.

Figure 7.
Schematic representation of the antimicrobial activity of zeolite scaffolds.

47

Zeolites as Chameleon Biomaterials: Adsorption of Proteins, Enzymes, Foods, Drugs, Human…
DOI: http://dx.doi.org/10.5772/intechopen.88422



Synthetic zeolite scaffolds have been successfully applied to in vitro studies
regarding both adhesion and cell growth kinetics [25] as well as to the analysis of
new formulation cosmetics and foods [26] (Figure 7).

8. Conclusions

For years, zeolite crystals have been used in various technological fields of great
industrial interest such as catalysts, ion exchangers, and adsorbents in chromato-
graphic applications. Today, the preparation of crystalline zeolite membranes plays
a central role in many new applicative fields such as catalytic zeolite membrane
reactors, gas separations, drug delivery, anticancer activity modulation, food toxi-
cology, enzyme/protein adsorption, and antimicrobial nanotechnologies. Zeolite
crystals and membranes are key materials for selective adsorption of biological
molecules, drugs, and chemotherapy drugs. Moreover, the zeolite membranes rep-
resent a synthetic scaffold suitable, ideal, and able to guarantee the survival,
growth, and correct differentiation of human normal and cancer cells. The devel-
opment of zeolite membranes with versatile physics-chemical properties may con-
stitute the goal for new components in biomedical and biotechnological
applications.
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Chapter 4

Anomalous Diffusivity in Porous
Solids: Levitation Effect
Shubhadeep Nag and Yashonath Subramanian

Abstract

Fluids confined to zeolites and other porous solids exhibit many distinct properties.
One such property is the diffusivity, which exhibits anomalous dependence on the
size of the guest molecule confined to the pore. This is termed the levitation effect.
A diffusivity maximum as a function of the diameter of the guest is seen. The
diameter for which the guest has maximum diffusivity is seen to be associated with a
minimum in the activation energy. The existence of similar behavior in other porous
solids, framework flexibility, and effect of temperature are discussed. Experimental
verification of the existence of the anomalous maximum is then discussed. Diffusion
of n-hexane and its isomers in zeolite NaY are then discussed in detail. The reduction
in the end-to-end length of n-hexane while passing through the 12-ring window and
the reasons for the same are discussed. Section 3 discusses possible observations of
size-dependent maximum in other condensed matter systems.

Keywords: diffusivity, zeolites, porous solids, anomalous diffusivity, size
dependence

1. Introduction

Zeolites are excellent catalysts due to the presence of acid sites on the frame-
work. These catalyze a number of reactions such as hydrocarbon isomerization,
hydrocarbon cracking or transformation. In recent times, there have been consid-
erable increase in investigations pertaining to various aspects of zeolites [1–13].
There have been several studies aimed at clarifying the mechanism involved in the
reactions catalyzed by zeolites. Boronat and Corma have discussed the changes in
energy on proton exchange between zeolite and an adsorbate. They attempt to
compute the contribution due to the van der Waals interaction between the zeolite
and the adsorbate, which can be significant when the molecules are of size similar to
the pore [1]. Davis and coworkers have attempted synthesis of enantiomerically
enriched molecular sieve. Recently they succeeded in such a synthesis and this has
been discussed in a recent article [11, 13]. Corma and coworkers have discussed
various novel approaches to the synthesis of zeolites [3]. Dusselier and Davis have
discussed at length the synthesis and the use in catalysis of small pore zeolites [12].
Corma and coworkers have discussed the synthesis of a new all-silica polymorph
ITQ-55, which is highly efficient in the separation of ethane and ethylene with a
high selectivity of 100 [4]. Prashant Kumar et al. [9] have pointed out the novel
synthesis of MFI nanosheets with sandwiched MEL. Zeolite can be used for separa-
tion of xylene isomers with a high degree of separation [8]. From these it is evident
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that many new and novel aspects of zeolites are still being discovered and zeolites
continues to be an exciting field of research with a bounty of surprises.

Zeolites are porous aluminosilicates capable of accommodating molecules within
the pores. They are well known for their catalytic, ion-exchange, and separation
properties. They are widely used in petrochemical industries for processing hydro-
carbons. Hydrocarbon cracking, transformation, isomerization, etc. are achieved
with the help of zeolites [14, 15]. Zeolites are also used in separating hydrocarbon
molecules of various sizes [16]. Larger hydrocarbons such as C15 and with still
higher number of carbon atoms diffuse slowly through the pores and hence reach
the bottom of a zeolite column last. Small molecules such as C1-C5 diffuse fast and
exit from the column first [17, 18]. Other molecules of intermediate size have values
of diffusivity in between those of C15 and C1-C5 and exit at intermediate times.
Thus the various fractions from crude can be separated. This separation is much
more energy efficient as compared to separation by distillation.

Another application of zeolites is its use for ion-exchange and water softening
[19, 20]. Ions such as Ca2+ can be exchanged with Na+ already present in the
zeolites, thus removing these ions from water. Zeolites are therefore used in deter-
gents for washing clothes.

Apart from the use of zeolite for separation based on the size of the molecule, it
is also of considerable use for separations based on the shape of the molecules. This
property of zeolites is often referred to as shape selectivity [21]. The pore dimen-
sions of zeolites, which are not always of regular shape, make this possible. An oft
quoted example is the separation of xylenes (p-, m-, and o-xylenes) using silicate or
ZSM-5 [22, 23]. At sufficiently high temperatures, o-xylene will convert to p-xylene
and ZSM-5 also acts as a catalyst.

Zeolites and other host materials also exhibit interesting properties. They exhibit
window effect, single file diffusion, and levitation effect [24–26]. Here we will
focus on the levitation effect, which refers to the dependence of diffusivity on the
guest or diffusant diameter.

2. Diffusivity of guest molecules confined to the pores from MD
simulations

In order to understand the diffusion of hydrocarbon and other molecules within
the confined spaces of the zeolite, it is essential to carry out an investigation into
diffusivity of guest molecules within the confined space provided by a zeolite or
other porous solids. Such a study is essential for an understanding of the process of
separation of hydrocarbon as well as other mixtures.

One of the early studies investigating the diffusivity of guest molecules in zeo-
lites was the diffusion of xenon in zeolite Y and argon in NaCaA [27]. The diffusiv-
ity is likely to be strongly influenced by the bottleneck for diffusion. In the case of
xenon the bottleneck is the 12-ring window, which has a diameter of around 7.8 Å.
In the case of argon the bottleneck is an 8-ring window, which has a diameter of
around 4.5 Å. The ratio of the bottleneck to the molecular/atomic diameter for
xenon-NaY system is 7.0/4.1 = 1.70 while in the case of argon-NaCaA it is 4.0/
3.405 = 1.17. Although the diameters of the windows are approximate, it is clear that
the window diameter is significantly larger than the diameter of xenon while this is
not true for argon where the diameter of the window is only slightly larger than the
argon diameter. From these it is evident that xenon in NaY should have a higher
diffusvity than argon in NaCaA.

From MD, it was found that xenon in NaY has a diffusivity of 0:19� 10�8 m2=s
while argon in NaCaA has a diffusivity of 0:9� 10�8 m2=s. As the diffusivity of
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argon in NaCaA is higher than xenon in NaY, further investigations were carried
out to find the reasons for this. To start with the energy barrier at the bottleneck
was computed. This is shown in Figure 1 [27]. From the figure it is seen that the
energy barrier for xenon at the window in Y is positive while the barrier at the
window is negative for argon in A zeolite. This explains why the diffusivity of argon
in A zeolite is higher than xenon in Y zeolite. The trends seen in the observed
barrier appears to be due to the strong interaction of argon with the oxygens of the
8-ring window. As argon is about the same diameter as the window, its strength of
interaction with the oxygens is optimum being close to ϵ, which occurs at a distance
at which the Lennard-Jones curve is minimum in energy. This is not the case for
xenon in zeolite Y where xenon can be close to only some of the oxygens of the
12-ring window. This is the first indication that nongeometrical factors can
influence the diffusivity. This study shows that sorbate-zeolite interaction plays an
important role.

This study suggests that an understanding of diffusivity as a function of the
diameter of the guest species might show something interesting. Such a study was
carried out and the results were indeed found to be interesting [28]. A molecular
dynamics study of monatomic guest molecules confined to zeolite NaY and NaCaA
were carried out in which the diameter of the guest molecule was varied. The
diffusivities of the guest species was computed from the time evolution of the mean
square displacements. A plot of diffusivity as a function of the reciprocal of square
of the guest diameter is shown in Figure 2 for guests in both zeolites Y and A [28]. It
is seen that the diffusivities decrease linearly with increase in the reciprocal of the
square of the diameter of the guest molecule for small diameters. This is referred to
as the linear regime (LR). As the diameter increases, it is seen that the diffusivity
suddenly increases and later decreases sharply exhibiting a maximum in diffusivity.
This is referred to as the anomalous regime (AR). This increase followed by a
decrease in diffusivity was surprising and needed further investigations.

As can be seen the location of the guest diameter at which the maximum occurs
is different in both zeolite Y and A (see Figure 3 [28]). In order to understand the
reasons for the maximum in diffusivity we have tried to search in literature any
report that refers to such an observation. Derouane and coworkers have reported a
finding arrived at through a theoretical analysis. They showed that the nesting

Figure 1.
Potential energy landscape of (a) xenon in zeolite NaY at 190 K and (b) argon in zeolite NaCaA at 140 K. the
energy landscapes are computed from molecular dynamics simulations.
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was computed. This is shown in Figure 1 [27]. From the figure it is seen that the
energy barrier for xenon at the window in Y is positive while the barrier at the
window is negative for argon in A zeolite. This explains why the diffusivity of argon
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8-ring window. As argon is about the same diameter as the window, its strength of
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at which the Lennard-Jones curve is minimum in energy. This is not the case for
xenon in zeolite Y where xenon can be close to only some of the oxygens of the
12-ring window. This is the first indication that nongeometrical factors can
influence the diffusivity. This study shows that sorbate-zeolite interaction plays an
important role.

This study suggests that an understanding of diffusivity as a function of the
diameter of the guest species might show something interesting. Such a study was
carried out and the results were indeed found to be interesting [28]. A molecular
dynamics study of monatomic guest molecules confined to zeolite NaY and NaCaA
were carried out in which the diameter of the guest molecule was varied. The
diffusivities of the guest species was computed from the time evolution of the mean
square displacements. A plot of diffusivity as a function of the reciprocal of square
of the guest diameter is shown in Figure 2 for guests in both zeolites Y and A [28]. It
is seen that the diffusivities decrease linearly with increase in the reciprocal of the
square of the diameter of the guest molecule for small diameters. This is referred to
as the linear regime (LR). As the diameter increases, it is seen that the diffusivity
suddenly increases and later decreases sharply exhibiting a maximum in diffusivity.
This is referred to as the anomalous regime (AR). This increase followed by a
decrease in diffusivity was surprising and needed further investigations.

As can be seen the location of the guest diameter at which the maximum occurs
is different in both zeolite Y and A (see Figure 3 [28]). In order to understand the
reasons for the maximum in diffusivity we have tried to search in literature any
report that refers to such an observation. Derouane and coworkers have reported a
finding arrived at through a theoretical analysis. They showed that the nesting

Figure 1.
Potential energy landscape of (a) xenon in zeolite NaY at 190 K and (b) argon in zeolite NaCaA at 140 K. the
energy landscapes are computed from molecular dynamics simulations.
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effect can lead to floating molecules when the pore diameter is comparable to the
molecular diameter. Earlier Kemball found that when guest molecules are sorbed
inside host materials such as zeolites or other adsorbents it is seen that some
undergo little loss of entropy. In such systems, he suggested, the guest molecules
will exhibit high mobility or superdiffusivity.

In order to obtain a better understanding, we define a dimensionless parameter

γ ¼ 2� 21=6σgz
σw

(1)

where the numerator gives the distance at which the interactions between the
guest and the zeolite atoms are optimum, that is, when this gives an interaction
energy of ϵgz. The denominator is the window radius. Thus, the dimensionless
parameter suggests that when these two are equal (γ = 1) and when they are not
equal (γ << 1). We now plot the diffusivity as a function of γ. This is shown in
Figure 4 [28]. We see that the maximum is seen when γ is between 0.9 and 1.0 for
both the zeolites. Thus, the guest-zeolite interaction is optimum at 21=6σgz and when
this equals σw/2, the diffusivity maximum is seen. This situation when γ is close to
unity is illustrated in Figure 5 along with the situation when γ << 1. Now when γ is
close to unity the guest molecule is passing through the center of the window. Such
a position has inversion symmetry, which leads to mutual cancelation of forces

Figure 2.
Diffusion coefficient of guest particles is plotted as a function of 1/σ2, where σ is the guest diameter. D for guest
confined to (a) zeolite NaCaA at 140 K and to (b) zeolite NaY at 190 K temperature, where 1/σ2 is the inverse
square of the vdw radius of guest particles.

Figure 3.
Diffusion coefficient, D as a function of vdw radius of guest particles, σ is plotted in (a) zeolite NaCaA at 140 K
and in (b) zeolite NaY at 190 K temperature.
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leading to rather small force on the guest due to the zeolite. This situation is akin to
the guest being a free particle even when confined within the zeolite and therefore
has a high diffusivity.

When γ << 1 the guest passes through the window at the periphery. These
points do not possess inversion symmetry and therefore there is no cancelation of
forces exerted on the guest by the zeolite. This leads to lower diffusivity of these
guest molecules.

The reason for the observed maximum in diffusivity arises from the lowered
force on the guest molecule as compared to the smaller guest molecule, which
encounters a higher force on itself due to the zeolite. These translate to a less
undulating potential energy landscape with shallower minima and maxima for the
larger guest molecule for which γ is close to unity. In the case of smaller guest
molecule the larger force implies a highly undulating potential energy landscape
with deep valleys and high mountains. However, in a recent report the lower force
on the guest molecule at the window has not been found [29]. More studies are
required to understand the origin of the observed diffusivity maximum.

Figure 4.
Diffusion coefficient, D is plotted as a function of levitation parameter, γ (see text) in (a) zeolite NaCaA at 140
K and in (b) zeolite NaY at 190 K temperature.

Figure 5.
Schematic figure indicating the position of bigger and smaller particles while passing through the zeolite
window. It is shown that the bigger particle passes through the symmetry position, the center of the window,
whereas the smaller particle is near to the periphery of the window. Therefore, the forces along a given direction
is equal and opposite to that exerted on the bigger particle from the diagonally opposite direction, resulting in
higher diffusion than for the smaller particle, which is attracted to the periphery, and therefore experiences a net
attraction. This is shown in both 2D and 3D.
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The activation energy for diffusion can be obtained from an Arrhenius plot of
log(D) vs. 1/T, where T is the temperature and D is the diffusivity. Variation of
activation energy as a function of the guest diameter has been plotted in Figure 6
[30]. It is seen that the activation energy is higher for the linear regime than for the
anomalous regime guests. It is also seen that activation energy is maximum for the
size with minimum diffusivity and minimum for the guest size in the AR with
maximum diffusivity.

The observed behavior has been termed the levitation effect (LE) as its origin is
in the dispersion forces, which cancel each other leading to reduced forces on the
guest molecule with maximum diffusivity. Unlike diffusion of p-xylene and o- and
m-xylenes whose diffusivities are controlled by the steric repulsion and therefore
only p-xylene manages to diffuse, here the diffusivities are controlled by the
dispersion forces, which are always attractive in nature.

Arrhenius plots for two sizes, namely, 4.96 Å and 6.0 Å are shown in Figure 7
[28]. The smaller sized guest atom has a higher slope and activation energy than the
larger sized guest atom. The activation energies for the smaller and larger sized
guest atoms are respectively 5.89 kJ/mol and 3.26 kJ/mol.

Figure 6.
Variation of activation enegy Ea as a function of vdw radius of guests, σ in zeolite NaY.

Figure 7.
Arrhenius plot of ln D for two different values of γ = 0.67 and 0.89 in zeolite NaY.
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2.1 Effect of temperature on the levitation effect

The diffusivity maximum or the levitation effect is a consequence of the exis-
tence of dispersion forces. If the attractive part of the guest-zeolite interaction is
switched off, then the diffusivity maximum disappears. This is shown in Figure 8
[28]. Temperature plays an important role in the behavior of the diffusion
coefficient as a function of the guest diameter.

At very higher temperatures the diffusivity maximum altogether disappears.
This can be seen in Figure 9 [31]. What determines the temperature at which the
diffusivity maximum will vanish? It is the strength of interaction between the guest
and the zeolite. At relatively higher temperatures when kBT >>Ugz the diffusivity
maximum vanishes and only a monotonic dependence on guest diameter is seen.

At low temperatures, the diffusivity maximum is very pronounced with the
diffusivity of the guest of 6.0 Å (in zeolite Y) showing several orders of magnitude
higher value than the diffusivity of the 4.96 Å guest. This is shown in Figure 9 [31].

Figure 8.
Variation of diffusion coefficient D as a function of 1/σ2 in (a) zeolite NaCaA and (b) zeolite NaY, where σ is
the van der Waals diameter of guest atoms. This plot is obtained without taking into account the dispersion force
between guest and host atoms during molecular dynamics simulation. This clearly shows that the levitation effect
is a resulting phenomenon from dispersion force of attraction.

Figure 9.
Diffusion coefficient D as a function of 1/σ2 in zeolite NaY at different temperatures. It is depicted that the
maxima in diffusivity disappear with increase in temperature.
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Figure 6.
Variation of activation enegy Ea as a function of vdw radius of guests, σ in zeolite NaY.

Figure 7.
Arrhenius plot of ln D for two different values of γ = 0.67 and 0.89 in zeolite NaY.
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2.1 Effect of temperature on the levitation effect

The diffusivity maximum or the levitation effect is a consequence of the exis-
tence of dispersion forces. If the attractive part of the guest-zeolite interaction is
switched off, then the diffusivity maximum disappears. This is shown in Figure 8
[28]. Temperature plays an important role in the behavior of the diffusion
coefficient as a function of the guest diameter.

At very higher temperatures the diffusivity maximum altogether disappears.
This can be seen in Figure 9 [31]. What determines the temperature at which the
diffusivity maximum will vanish? It is the strength of interaction between the guest
and the zeolite. At relatively higher temperatures when kBT >>Ugz the diffusivity
maximum vanishes and only a monotonic dependence on guest diameter is seen.

At low temperatures, the diffusivity maximum is very pronounced with the
diffusivity of the guest of 6.0 Å (in zeolite Y) showing several orders of magnitude
higher value than the diffusivity of the 4.96 Å guest. This is shown in Figure 9 [31].

Figure 8.
Variation of diffusion coefficient D as a function of 1/σ2 in (a) zeolite NaCaA and (b) zeolite NaY, where σ is
the van der Waals diameter of guest atoms. This plot is obtained without taking into account the dispersion force
between guest and host atoms during molecular dynamics simulation. This clearly shows that the levitation effect
is a resulting phenomenon from dispersion force of attraction.

Figure 9.
Diffusion coefficient D as a function of 1/σ2 in zeolite NaY at different temperatures. It is depicted that the
maxima in diffusivity disappear with increase in temperature.
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At very low temperatures, the diffusivity maximum is seen to be very
pronounced [32]. This can be seen from Figure 10. The difference between the
anomalous regime guest and the linear regime guest is now several orders of mag-
nitude. This can not be easily utilized in the practice because of the low diffusivities
of both the species.

Smit and coworkers have reported a study on carbon nanotubes (CNTs). They
investigated diffusion of methane in CNTs of different diameters. They found that
the diffusion coefficient is maximum in the CNTs with similar diameter as the
methane. They also carried out a simulation at higher temperatures when the height
of the diffusivity maximum decreased and eventually disappeared similar to the
disappearance of the maximum in the zeolite.

Many of these simulations have been carried out with the zeolite framework
fixed. Will the diffusivity maximum persist when the framework is flexible? For
this, simulations with flexible framework were carried out and the results are shown
in Figure 11 [33]. As can be seen the diffusivity maximum persists in spite of the
framework flexibility. The height of the maximum is marginally lower and slightly
shifted to lower values of guest diameter.

Kar and Chakravarty reported instantaneous normal mode analysis of guest of
different diameters to understand the levitation effect. They could reproduce the
velocity autocorrelation functions of various guest molecules in zeolite NaY [34].
Bhattacharyya and coworkers have carried out a mode coupling analysis of the
levitation effect [35].

Figure 10.
Diffusion coefficient D as a function of 1/σ2 in zeolite NaY at 10 K. The diffusivity enhances to 17 orders in
natural logarithmic scale.

Figure 11.
Plot of diffusion coefficient D as a function of σ in flexible zeolite NaA at 140 K.
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2.2 Studies on real molecular systems

Until now simulations have been on monatomic guest species diffusion in the
pores of the zeolites. These guest molecules are not of interest in real laboratory or
industry. Simulations were therefore carried out on hydrocarbons molecules within
zeolites to see if the observed anomalous diffusion can be observed in these real
hydrocarbons. Simulations were carried out on pentane isomers: n-pentane,
isopentane, and neopentane. These are anisotropic molecules. Hence, the dimensions
of thesemolecules along different directions are different. For n-pentane the direction
that is relevant is the dimension of the molecule perpendicular to its long axis. The
relevant dimension for the other molecule, which is isopentane, is also the dimension
perpendicular to its long axis. For neopentane, which is tetrahedral in shape, the
molecular diameter is the relevant dimension. There have been attempts to compute
and list the various dimensions of hydrocarbon and other molecules [36]. These can
be helpful in computing the γ values for various guest-zeolite systems.

Simulations of pentane isomers, n-pentane, and isopentane in AlPO-5, which has
one-dimensional channels, have been reported [37]. These studies show that
isopentane has a higher diffusivity as compared to n-pentane. Thus, anomalous
diffusion is seen even in AlPO-5. The diffusivities obtained are 2:7 � 10�8 m2=s and
3:33� 10�8 m2=s for n-pentane and isopentane respectively at 300 K. The potential
parameters employed in this study were the unified potential parameters of
Jorgensen [38]. The potential parameters are very similar to the OPLS parameters
later proposed by Jorgensen. Masses of the isomers are identical and therefore the
difference in the diffusivity arises from the difference in γ. For AlPO-5, it is seen
that the γ values are 0.71 and 0.88 respectively for n-pentane and isopentane. The
value of γ, which separates linear and anomalous regime, is around 0.75. This
boundary will vary and depends on the zeolite but as a rule of thumb, a value of 0.75
may be used. The value of 0.71 lies in the linear regime while 0.88 lies in the
anomalous regime. Thus, n-pentane with lower γ has a lower diffusivity, which is
what one expects.

2.3 Experimental verification of the diffusivity maximum

The diffusivity of a species changes with its mass as well as other parameters
such as size, temperature, etc. In simulations, the diameter of the diffusing species
were changed without changing its mass. Ideally, an experimental verification of
the levitation effect should do the same, that is change the diameter without
changing the mass. But in real laboratory this appears almost impossible. However,
Dr. S.G.T. Bhat during one of our discussions mentioned that this indeed is possible.
He suggested use of isomers of a hydrocarbon all of which will have the same mass
but differ in their cross-sectional diameter [39]. The choice of the experiments was
also crucially important. Different techniques of measuring the diffusivity such as
uptake, NMR, ZLC, or QENS yield different values of for the diffusivity of the same
species. Kärger and coworkers have investigated the reasons for this [40, 41]. They
have suggested that this is due to the difference in the sampling time and length
scales. As MD sample over picoseconds to nanoseconds, a technique which samples
for similar time scale would be ideal. As QENS samples over the same period, we
choose to carry experiments with this technique. We chose zeolite NaY with three
isomers of pentane, namely, n-pentane, isopentane, and neopentane. The diameters
of these were calculated from their geometry and Lennard-Jones interaction
parameters. Knowing the 12-ring window diameter of faujasite, we computed
the levitation parameters γ for these isomers, which are 0.71, 0.86, and 0.96 for

61

Anomalous Diffusivity in Porous Solids: Levitation Effect
DOI: http://dx.doi.org/10.5772/intechopen.92685



At very low temperatures, the diffusivity maximum is seen to be very
pronounced [32]. This can be seen from Figure 10. The difference between the
anomalous regime guest and the linear regime guest is now several orders of mag-
nitude. This can not be easily utilized in the practice because of the low diffusivities
of both the species.

Smit and coworkers have reported a study on carbon nanotubes (CNTs). They
investigated diffusion of methane in CNTs of different diameters. They found that
the diffusion coefficient is maximum in the CNTs with similar diameter as the
methane. They also carried out a simulation at higher temperatures when the height
of the diffusivity maximum decreased and eventually disappeared similar to the
disappearance of the maximum in the zeolite.

Many of these simulations have been carried out with the zeolite framework
fixed. Will the diffusivity maximum persist when the framework is flexible? For
this, simulations with flexible framework were carried out and the results are shown
in Figure 11 [33]. As can be seen the diffusivity maximum persists in spite of the
framework flexibility. The height of the maximum is marginally lower and slightly
shifted to lower values of guest diameter.

Kar and Chakravarty reported instantaneous normal mode analysis of guest of
different diameters to understand the levitation effect. They could reproduce the
velocity autocorrelation functions of various guest molecules in zeolite NaY [34].
Bhattacharyya and coworkers have carried out a mode coupling analysis of the
levitation effect [35].

Figure 10.
Diffusion coefficient D as a function of 1/σ2 in zeolite NaY at 10 K. The diffusivity enhances to 17 orders in
natural logarithmic scale.

Figure 11.
Plot of diffusion coefficient D as a function of σ in flexible zeolite NaA at 140 K.

60

Zeolites - New Challenges

2.2 Studies on real molecular systems

Until now simulations have been on monatomic guest species diffusion in the
pores of the zeolites. These guest molecules are not of interest in real laboratory or
industry. Simulations were therefore carried out on hydrocarbons molecules within
zeolites to see if the observed anomalous diffusion can be observed in these real
hydrocarbons. Simulations were carried out on pentane isomers: n-pentane,
isopentane, and neopentane. These are anisotropic molecules. Hence, the dimensions
of thesemolecules along different directions are different. For n-pentane the direction
that is relevant is the dimension of the molecule perpendicular to its long axis. The
relevant dimension for the other molecule, which is isopentane, is also the dimension
perpendicular to its long axis. For neopentane, which is tetrahedral in shape, the
molecular diameter is the relevant dimension. There have been attempts to compute
and list the various dimensions of hydrocarbon and other molecules [36]. These can
be helpful in computing the γ values for various guest-zeolite systems.

Simulations of pentane isomers, n-pentane, and isopentane in AlPO-5, which has
one-dimensional channels, have been reported [37]. These studies show that
isopentane has a higher diffusivity as compared to n-pentane. Thus, anomalous
diffusion is seen even in AlPO-5. The diffusivities obtained are 2:7 � 10�8 m2=s and
3:33� 10�8 m2=s for n-pentane and isopentane respectively at 300 K. The potential
parameters employed in this study were the unified potential parameters of
Jorgensen [38]. The potential parameters are very similar to the OPLS parameters
later proposed by Jorgensen. Masses of the isomers are identical and therefore the
difference in the diffusivity arises from the difference in γ. For AlPO-5, it is seen
that the γ values are 0.71 and 0.88 respectively for n-pentane and isopentane. The
value of γ, which separates linear and anomalous regime, is around 0.75. This
boundary will vary and depends on the zeolite but as a rule of thumb, a value of 0.75
may be used. The value of 0.71 lies in the linear regime while 0.88 lies in the
anomalous regime. Thus, n-pentane with lower γ has a lower diffusivity, which is
what one expects.

2.3 Experimental verification of the diffusivity maximum

The diffusivity of a species changes with its mass as well as other parameters
such as size, temperature, etc. In simulations, the diameter of the diffusing species
were changed without changing its mass. Ideally, an experimental verification of
the levitation effect should do the same, that is change the diameter without
changing the mass. But in real laboratory this appears almost impossible. However,
Dr. S.G.T. Bhat during one of our discussions mentioned that this indeed is possible.
He suggested use of isomers of a hydrocarbon all of which will have the same mass
but differ in their cross-sectional diameter [39]. The choice of the experiments was
also crucially important. Different techniques of measuring the diffusivity such as
uptake, NMR, ZLC, or QENS yield different values of for the diffusivity of the same
species. Kärger and coworkers have investigated the reasons for this [40, 41]. They
have suggested that this is due to the difference in the sampling time and length
scales. As MD sample over picoseconds to nanoseconds, a technique which samples
for similar time scale would be ideal. As QENS samples over the same period, we
choose to carry experiments with this technique. We chose zeolite NaY with three
isomers of pentane, namely, n-pentane, isopentane, and neopentane. The diameters
of these were calculated from their geometry and Lennard-Jones interaction
parameters. Knowing the 12-ring window diameter of faujasite, we computed
the levitation parameters γ for these isomers, which are 0.71, 0.86, and 0.96 for

61

Anomalous Diffusivity in Porous Solids: Levitation Effect
DOI: http://dx.doi.org/10.5772/intechopen.92685



n-pentane, isopentane, and neopentane. The experimental QENS spectra are given
in Figure 12 [42, 43]. Also shown are the variation in half width at half maximum
(HWHM) as a function of Q2. From the broadening of the spectra as a function of
Q2, one obtains the diffusivity. The HWHM increases fastest for neopentane,
followed by isopentane and last is n-pentane. These suggest that neopentane has the
highest diffusivity, followed by isopentane and n-pentane in that order.

2.4 Hexane isomers in faujasite

Diffusion of hexane isomers in zeolite NaY was carried out with the help of MD
technique. Linear hydrocarbons n-hexane (nC6), singly branched isomers 2-methyl
pentane (2MP) and 3-methyl pentane (3MP) as well as the doubly branched iso-
mers 2,2-dimethyl butane (22DMB) and 2,3-dimethyl butane (23DMB) were
studied [44]. The calculated adsorption energies from MD of different isomers of
hexane are listed in Table 1.

There is little differene in the adsorption energies of the isomers. Hence, it is
difficult to separate the isomers from each other using a method based on adsorp-
tion. Instead, a kinetic-based approach might be helpful for separating the mixtures
consisting of hexane isomers. In Figure 13 the mean squared displacements of the
isomers are shown for 2.25 ns. The lines are all straight suggesting good statistics
[44]. The diffusivities of the isomers at these temperatures are listed in Table 2.

The cross-sectional diameter of the isomers can be computed from the geometry
of the isomers. These are listed inTable 3 along with the γ values for the isomers [44].
As can be seen except for n-hexane other isomers are all in the anomalous regime.

Figure 12.
(a) Spectra of QENS obtained for neopentane at 300 K for different values of the wave vector transfer Q and
(b) HWHM vs. Q2 corresponding to the translational motion of the pentane isomers in zeolite NaY at 300 K,
neopentane (triangles), isopentane (squares), and n-pentane (circles).

Isomer Eads (kJ/mol)

n-Hexane �46.7

2-Methylpentane �45.9

3-Methylpentane �46.4

2,3-Dimethylbutane �45.9

2,2-Dimethylbutane �45.8

Table 1.
Adsorption energies Eads of hexane isomers in zeolite NaY.
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From the Arrhenius plots of diffusivity (see Figure 14), we have obtained the
activation energies [44]. These are listed in Table 4 [44]. It is seen that the activa-
tion energies of n-hexane is the highest at 11.2 kJ/mol. 2MP has an activation energy

Figure 13.
Mean square displacement of hexane isomers in zeolite NaY at 250 K.

Isomer 250 K 300 K 330 K 350 K 400 K

n-Hexane 1.43(0.24) 3.59(0.35) 5.07(0.40) 7.27(0.61) 10.47(0.50)

2-Methylpentane 1.79(0.09) 3.17(0.21) 4.58(0.50) 6.44(0.55) 9.78(0.57)

3-Methylpentane 2.04(0.12) 3.92(0.24) 5.49(0.42) 6.23(0.44) 10.44(0.66)

2,3-Dimethylbutane 2.57(0.19) 4.68(0.32) 6.63(0.30) 7.26(0.61) 10.60(0.8)

2,2-Dimethylbutane 2.91(0.38) 5.67(0.29) 7.39(0.39) 7.75(0.46) 11.43(0.38)

Table 2.
Diffusion coefficients of hexane isomers in zeolite Y.

Isomer σ⊥ (Å) γ

n-Hexane 6.905 0.69

2-Methylpentane 8.09 0.80

3-Methylpentane 9.55 0.95

2,3-Dimethylbutane 9.96 0.98

2,2-Dimethylbutane 10.31 1.02

Table 3.
Molecular diameter perpendicular to the long axis (σ⊥) and the levitation parameter (γ) values of all hexane
isomers, when adsorbed in zeolite NaY.

Figure 14.
Arrhenius plot of various hexane isomers in zeolite NaY.
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of 9.5 kJ/mol followed by 3MP (8.8 kJ/mol). The doubly branched isomers 23DMB
(7.8 kJ/mol) and 22DMB (7.4 kJ/mol) have the lowest activation energy. These
trends in the activation energies are according to what one expects based on the
levitation effect.

The potential energy landscape of the various isomers as they diffuse during the
passage through the 12-ring window of zeolite NaY is given in Figure 15 [44]. It is
seen that n-hexane alone has a maximum in the potential energy at the 12-ring
window. 23DMB has a small maximum but overall it is a negative barrier in the
vicinity of the window.

2.4.1 Kinetic-based separation of hexane isomers

Arrhenius plots of diffusivities for various isomers cross each other at some
temperature. Consider two isomers. They cross at some temperature referred to as
the inversion temperature. Above the temperature if one isomer has a higher diffu-
sivity, the same isomer below the inversion temperature will have the lower diffu-
sivity among the two isomers. The Arrhenius plots of various isomers are plotted in
Figure 16 [44]. Various pairs of isomers cross each other at different temperatures.
These are listed in Table 5 [44]. Thus, from the table it is evident that pairs 2MP/n-
hexane have an inversion temperature of 300 K. As n-hexane has higher activation
energy of the two, at T < 300 K, 2MP will exit from a column first and then n-
hexane. At T > 300 K, n-hexane will have higher diffusivity and exit from the
column first, followed by 2MP. The order of exit of the various isomers from a
zeolite single crystal is seen to be different at different temperatures. There are in all
11 regions, which correspond to different order in which the isomers will exit. The
order of diffusivities or the order of exit of the various isomers is listed in Table 6
[44]. As the temperature is increased from below 300 K upto 1172 K, the order of
diffusivities of various isomers is given.

Isomer Ea (kJ/mol)

n-Hexane 11.2

2-Methylpentane 9.5

3-Methylpentane 8.8

2,3-Dimethylbutane 7.8

2,2-Dimethylbutane 7.4

Table 4.
Activation energies Ea of hexane isomers in zeolite NaY.

Figure 15.
Potential energy landscape for hexane isomers in zeolite NaY at 250 K. these plots are obtained by averaging
over all cage-to-cage jumps.
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Figure 16.
Change of order of diffusivity for various hexane isomers in zeolite NaY.

Molecules inverted Tinv (K)

2MP/nC6 300

MP/nC6 347

DMB/nC6 387

DMB/nC6 418

DMB/3MP 528

DMB/2MP 549

MP/2MP 586

DMB/2MP 613

DMB/3MP 627

DMB/23DMB 1172

Table 5.
Inversion temperatures for diffusivities (Tinv) of hexane isomers inside zeolite NaY.

Region Temp range (K) Order of diffusivities

I T < 300 nC6 < 2MP < 3MP < 23DMB < 22DMB

II 300,347 2MP < nC6 < 3MP < 23DMB < 22DMB

III 347,387 2MP < 3MP < nC6 < 23DMB < 22DMB

IV 387,418 2MP < 3MP < 23DMB < nC6 < 22DMB

V 418,528 2MP < 3MP < 23DMB < 22DMB < nC6

VI 528,549 2MP < 23DMB < 3MP < 22DMB < nC6

VII 549,586 23DMB < 2MP < 3MP < 22DMB < nC6

VIII 586,613 23DMB < 3MP < 2MP < 22DMB < nC6

IX 613,627 23DMB < 3MP < 22DMB < 2MP < nC6

X 6,271,172 23DMB < 22DMB < 3MP < 2MP < nC6

XI T > 1172 22DMB < 23DMB < 3MP < 2MP < nC6

Table 6.
Different regions according to order of diffusivities of hexane isomers in zeolite NaY.
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X 6,271,172 23DMB < 22DMB < 3MP < 2MP < nC6

XI T > 1172 22DMB < 23DMB < 3MP < 2MP < nC6

Table 6.
Different regions according to order of diffusivities of hexane isomers in zeolite NaY.
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2.5 End-to-end length of n-hexane during diffusion

An interesting observation from the study was the variation of end-to-end
length, Le-e of n-hexane during diffusion. The Le-e was computed at various temper-
atures for n-hexane. It showed that there is a decrease in the end-to-end length of n-
hexane as the temperature increases. A plot of average Le-e as a function of the
temperature is shown in Figure 17 [44]. The distribution of the Le-e has also been
computed for various temperatures and these are shown in Figure 18 [44]. As can
be seen at higher temperatures the distribution has a higher probability for smaller
values of Le-e, between 3 and 5 Å and less probability for higher values (5–6.4 Å) of
Le-e. This is what leads to a decrease in average Le-e with temperature. These suggest
that n-hexane curls up at higher temperatures and has a higher population of gauche
conformers. In order to check if this was true, we have obtained the number of
gauche conformer population and these are listed in Table 7.

Figure 17.
Variation of end-to-end length of n-hexane in zeolite NaY as a function of temperature.

Figure 18.
Distribution of end-to-end length n-hexane in zeolite NaYat various temperatures.

Temp (K) ϕ1 ϕ2 ϕ3

250 24.9 19.0 24.7

300 29.5 23.8 29.4

330 32.3 26.4 32.5

350 34.3 28.2 34.3

400 36.5 30.4 36.6

Table 7.
% gauche conformations for each dihedral angle of nC6 inside zeolite NaY at various temperatures.
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The distribution of end-to-end length of n-hexane is shown in Figure 19 for two
specific situations: (i) when the center of mass of n-hexane is close to the 12-ring
window (within �1.0 Å) and (ii) when the center of mass is greater than 2 Å from
the window plane [44]. As can be seen, the probability for smaller values of Le-e is
higher when the molecule of n-hexane is closer to the window. Thus, it appears that
the n-hexane curls up trying to increase its cross-sectional diameter while passing
through the 12-ring window. This leads to a slightly lower value of energetic barrier
for n-hexane when it curls up.

2.6 Separation using levitation effect

Using the levitation effect, separation of molecular mixtures can be realized.
This approach differs from the usual approach toward separation. In the usual
approach separation is achieved because the smaller sized molecules generally dif-
fuse faster as compared to larger sized guest molecules. Or alternately, certain
molecules enter the pores while bigger sized molecules do not even enter the pore
network. In this case only those which enter the pores are able to pass through the
column of the zeolite while others are unable to pass through leading to good
separation.

Consider now a binary mixtures in which both the components are able to enter
the pore network. When we use the levitation effect, both mixtures will diffuse but
here the larger sized guest will diffuse faster provided the bottleneck of the zeolite
has a dimaeter that is comparable to the diameter of the larger sized guest molecule.
The smaller diameter guest molecule will diffuse slower and this leads to separation
of the components.

In all these separations, however, one thing that is common is that both the
components (in the case of a binary mixture) will diffuse in the same direction. This
leads at best to a reasonable degree of separation. However, much higher degree of
separation can be achieved if the two components move in opposite directions. We
have devised a novel approach to separation in which the two components move in
opposite directions [45]. In this approach, the fact that the guest in AR and the LR
regimes have out-of-phase potential energy landscape is utilized. This is shown in
Figure 20 [45]. In addition, a hot zone is placed to the left of the 12-ring window in
the system consisting of zeolite A with argon (of AR) and neon (of LR). The hot
zone drives argon toward the left and the neon toward to right. The result is a very
high degree of separation. This has been demonstrated through nonequilibrium
Monte Carlo simulations with inhomogeneous temperature [45]. In Figure 21 a plot
of the separation factor as a function of Monte Carlo steps is shown. Normally
separation factors that are achieved are of the order of 2000–4000. But here we see
that separation factors of the order of >108–10 can be realized.

Figure 19.
Variation of the distribution of end-to-end length of nC6 in zeolite NaY.
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3. Conclusions

The surprising anomaly in the diffusivity of a guest diffusing within the con-
fined regions of a zeolite or a CNT or any other porous solid has many uses. It also
explains the observed increase in ionic conductivity as a function of ionic radius on
going from Li+ to Na+ to K+ and Rb+ and Cs+ [46]. Levitation effect was first
observed in the experiments by Kemball and later Derouane showed its existence
through theory [47–49]. It can be used in the separation of molecular mixtures as
well as in separations of very high degree. Levitation effect can be better put into
practice with single crystals and nano devices.
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Figure 20.
Schematic of potential energy landscapes of AR (BLUE) and LR (RED) particles are shown below the unit cell
crystal structure of zeolite NaCaA. The black dotted lines are the window planes of the zeolite.

Figure 21.
Evolution of separation factor with Monte Carlo steps. This shows that AR particles can be fully separated from
LR particles using this separation technique.

68

Zeolites - New Challenges

Author details

Shubhadeep Nag and Yashonath Subramanian*
Solid State and Structural Chemistry Unit, Indian Institute of Science, Bengaluru,
India

*Address all correspondence to: yashonath@iisc.ac.in

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

69

Anomalous Diffusivity in Porous Solids: Levitation Effect
DOI: http://dx.doi.org/10.5772/intechopen.92685



3. Conclusions

The surprising anomaly in the diffusivity of a guest diffusing within the con-
fined regions of a zeolite or a CNT or any other porous solid has many uses. It also
explains the observed increase in ionic conductivity as a function of ionic radius on
going from Li+ to Na+ to K+ and Rb+ and Cs+ [46]. Levitation effect was first
observed in the experiments by Kemball and later Derouane showed its existence
through theory [47–49]. It can be used in the separation of molecular mixtures as
well as in separations of very high degree. Levitation effect can be better put into
practice with single crystals and nano devices.

Acknowledgements

The authors wish to acknowledge support from Department of Science and
Technology, New Delhi and computational facilities from Thematic Unit of Excel-
lence for Computational Materials Science established with support from Nano
Mission, DST, New Delhi.

Figure 20.
Schematic of potential energy landscapes of AR (BLUE) and LR (RED) particles are shown below the unit cell
crystal structure of zeolite NaCaA. The black dotted lines are the window planes of the zeolite.

Figure 21.
Evolution of separation factor with Monte Carlo steps. This shows that AR particles can be fully separated from
LR particles using this separation technique.

68

Zeolites - New Challenges

Author details

Shubhadeep Nag and Yashonath Subramanian*
Solid State and Structural Chemistry Unit, Indian Institute of Science, Bengaluru,
India

*Address all correspondence to: yashonath@iisc.ac.in

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

69

Anomalous Diffusivity in Porous Solids: Levitation Effect
DOI: http://dx.doi.org/10.5772/intechopen.92685



References

[1] Boronat M, Corma A. What is
measured when measuring acidity in
zeolites with probe molecules? ACS
Catalysis. 2019;9(2):1539-1548

[2] Moliner M, Corma A. From metal-
supported oxides to well-defined metal
site zeolites: The next generation of
passive nox adsorbers for low-
temperature control of emissions from
diesel engines. Reaction Chemistry &
Engineering. 2019;4:223-234

[3] Li C, Moliner M, Corma A. Building
zeolites from precrystallized units:
Nanoscale architecture. Angewandte
Chemie International Edition. 2018;
57(47):15330-15353

[4] Bereciartua PJ, Cantín Á, Corma A,
Jordá JL, Palomino M, Rey F, et al.
Control of zeolite framework flexibility
and pore topology for separation of
ethane and ethylene. Science. 2017;
358(6366):1068-1071

[5] Sastre G, Kärger J, Ruthven DM.
Diffusion path reversibility confirms
symmetry of surface barriers. The
Journal of Physical Chemistry C. 2019;
123(32):19596-19601

[6] Toda J, Sastre G. Diffusion of
trimethylbenzenes, toluene, and xylenes
in uwy zeolite as a catalyst for
transalkylation of trimethylbenzenes
with toluene. The Journal of Physical
Chemistry C. 2018;122(14):7885-7897

[7] Zachariou A, Hawkins A, Lennon D,
Parker SF, Suwardiyanto SK,
Matam CRA, et al. Investigation of zsm-5
catalysts for dimethylether conversion
using inelastic neutron scattering. Applied
Catalysis A: General. 2019;569:1-7

[8] Caro J, Kärger J. Fromcomputer design
to gas separation. NatureMaterials

[9] Kumar P, Kim DW, Rangnekar N,
Xu H, Fetisov EO, Ghosh S, et al.

One-dimensional intergrowths in two-
dimensional zeolite nanosheets and
their effect on ultra-selective transport.
Nature Materials. 2020;19:443-449

[10] Quesne MG, Silveri F, de
Leeuw NH, Catlow CRA. Advances in
sustainable catalysis: A computational
perspective. Frontiers in Chemistry.
2019;7:182

[11] Kang JH, Alshafei FH, Zones SI,
Davis ME. Cage-defining ring: A
molecular sieve structural indicator for
light olefin product distribution from
the methanol-to-olefins reaction. ACS
Catalysis. 2019;9(7):6012-6019

[12] DusselierM, DavisME. Small-pore
zeolites: Synthesis and catalysis. Chemical
Reviews. 2018;118(11):5265-5329

[13] Davis ME. A thirty-year journey to
the creation of the first enantiomerically
enriched molecular sieve. ACS Catalysis.
2018;8(11):10082-10088

[14] Barrer RM. Hydrothermal
Chemistry of Zeolites. London:
Academic Press; 1982

[15] Kärger J, Ruthven DM. Diffusion in
Zeolites and Other Microporous Solids.
New York, USA: John Wiley and Sons
Inc.; 1992

[16] Dong J, Lin YS, Liu W.
Multicomponent hydrogen/
hydrocarbon separation by mfi-type
zeolite membranes. AIChE Journal.
2000;46(10):1957-1966

[17] Arruebo M, Falconer JL, Noble RD.
Separation of binary c5 and c6
hydrocarbon mixtures through mfi
zeolite membranes. Journal of Membrane
Science. 2006;269(1):171-176

[18] Seader JD, Henley EJ. Separation
Process Principles. 1st ed. New York,
USA: John Wiley and Sons Inc.; 1998

70

Zeolites - New Challenges

[19] Colella C. Ion exchange equilibria in
zeolite minerals. Mineralium Deposita.
1996;31(6):554-562

[20] Loiola A, Andrade J, Sasaki J, da
Silva L. Structural analysis of zeolite naa
synthesized by a cost-effective
hydrothermal method using kaolin and
its use as water softener. Journal of
Colloid and Interface Science. 2012;
367(1):34-39

[21] Smit B, Maesen TLM. Molecular
simulations of zeolites: Adsorption,
diffusion, and shape selectivity.
Chemical Reviews. 2008;108(10):
4125-4184

[22] Tarditi AM, Horowitz GI,
Lombardo EA. Xylene isomerization in a
zsm-5/ss membrane reactor. Catalysis
Letters. 2008;123(1):7-15

[23] Young L, Butter S, KaedingW. Shape
selective reactions with zeolite catalysts:
Iii. Selectivity in xylene isomerization,
toluene-methanol alkylation, and toluene
disproportionation over zsm-5 zeolite
catalysts. Journal of Catalysis. 1982;76(2):
418-432

[24] Dubbeldam D, Calero S,
Maesen TLM, Smit B. Understanding
the window effect in zeolite catalysis.
Angewandte Chemie International
Edition. 2003;42(31):3624-3626

[25] Kärger J, Petzold M, Pfeifer H,
Ernst S, Weitkamp J. Single-file
diffusion and reaction in zeolites.
Journal of Catalysis. 1992;136(2):
283-299

[26] Yashonath S, Ghorai PK. Diffusion
in nanoporous phases: Size dependence
and levitation effect. The Journal of
Physical Chemistry B. 2008;112(3):
665-686

[27] Yashonath S, Santikary P. Influence
of non-geometrical factors on
intracrystalline diffusion. Molecular
Physics. 1993;78(1):1-6

[28] Yashonath S, Santikary P. Diffusion
of sorbates in zeolites y and a: Novel
dependence on sorbate size and strength
of sorbate-zeolite interaction. The
Journal of Physical Chemistry. 1994;
98(25):6368-6376

[29] Sharma A, Ghorai PK. Effect of
force and location of bottleneck for
particle moving through window under
encapsulation. Journal of Chemical
Science. 2017;129(8):1293-1300

[30] Rajappa C, Yashonath S. Levitation
effect and its relationship with the
underlying potential energy landscape.
The Journal of Chemical Physics. 1999;
110(12):5960-5968

[31] Yashonath S, Rajappa C.
Temperature dependence of the
levitation effect implications for
separation of multicomponent mixtures.
Faraday Discussions. 1997;106:105-118

[32] Ghorai PK, Yashonath S. Diffusion
anomaly at low temperatures in
confined systems from the rare events
method. The Journal of Physical
Chemistry B. 2004;108(22):7098-7101

[33] Santikary P, Yashonath S. Dynamics
of zeolite cage and its effect on the
diffusion properties of sorbate:
Persistence of diffusion anomaly in naa
zeolite. The Journal of Physical
Chemistry. 1994;98(37):9252-9259

[34] Kar S, Chakravarty C. Instantaneous
normal mode analysis of the levitation
effect in zeolites. The Journal of Physical
Chemistry B. 2000;104(4):709-715

[35] Nandi MK, Banerjee A,
Bhattacharyya SM. Non-monotonic size
dependence of diffusion and levitation
effect: A mode-coupling theory analysis.
The Journal of Chemical Physics. 2013;
138(12):124505

[36] Federico J-C, Laredo GC. Molecular
size evaluation of linear and branched
paraffins from the gasoline pool by dft

71

Anomalous Diffusivity in Porous Solids: Levitation Effect
DOI: http://dx.doi.org/10.5772/intechopen.92685



References

[1] Boronat M, Corma A. What is
measured when measuring acidity in
zeolites with probe molecules? ACS
Catalysis. 2019;9(2):1539-1548

[2] Moliner M, Corma A. From metal-
supported oxides to well-defined metal
site zeolites: The next generation of
passive nox adsorbers for low-
temperature control of emissions from
diesel engines. Reaction Chemistry &
Engineering. 2019;4:223-234

[3] Li C, Moliner M, Corma A. Building
zeolites from precrystallized units:
Nanoscale architecture. Angewandte
Chemie International Edition. 2018;
57(47):15330-15353

[4] Bereciartua PJ, Cantín Á, Corma A,
Jordá JL, Palomino M, Rey F, et al.
Control of zeolite framework flexibility
and pore topology for separation of
ethane and ethylene. Science. 2017;
358(6366):1068-1071

[5] Sastre G, Kärger J, Ruthven DM.
Diffusion path reversibility confirms
symmetry of surface barriers. The
Journal of Physical Chemistry C. 2019;
123(32):19596-19601

[6] Toda J, Sastre G. Diffusion of
trimethylbenzenes, toluene, and xylenes
in uwy zeolite as a catalyst for
transalkylation of trimethylbenzenes
with toluene. The Journal of Physical
Chemistry C. 2018;122(14):7885-7897

[7] Zachariou A, Hawkins A, Lennon D,
Parker SF, Suwardiyanto SK,
Matam CRA, et al. Investigation of zsm-5
catalysts for dimethylether conversion
using inelastic neutron scattering. Applied
Catalysis A: General. 2019;569:1-7

[8] Caro J, Kärger J. Fromcomputer design
to gas separation. NatureMaterials

[9] Kumar P, Kim DW, Rangnekar N,
Xu H, Fetisov EO, Ghosh S, et al.

One-dimensional intergrowths in two-
dimensional zeolite nanosheets and
their effect on ultra-selective transport.
Nature Materials. 2020;19:443-449

[10] Quesne MG, Silveri F, de
Leeuw NH, Catlow CRA. Advances in
sustainable catalysis: A computational
perspective. Frontiers in Chemistry.
2019;7:182

[11] Kang JH, Alshafei FH, Zones SI,
Davis ME. Cage-defining ring: A
molecular sieve structural indicator for
light olefin product distribution from
the methanol-to-olefins reaction. ACS
Catalysis. 2019;9(7):6012-6019

[12] DusselierM, DavisME. Small-pore
zeolites: Synthesis and catalysis. Chemical
Reviews. 2018;118(11):5265-5329

[13] Davis ME. A thirty-year journey to
the creation of the first enantiomerically
enriched molecular sieve. ACS Catalysis.
2018;8(11):10082-10088

[14] Barrer RM. Hydrothermal
Chemistry of Zeolites. London:
Academic Press; 1982

[15] Kärger J, Ruthven DM. Diffusion in
Zeolites and Other Microporous Solids.
New York, USA: John Wiley and Sons
Inc.; 1992

[16] Dong J, Lin YS, Liu W.
Multicomponent hydrogen/
hydrocarbon separation by mfi-type
zeolite membranes. AIChE Journal.
2000;46(10):1957-1966

[17] Arruebo M, Falconer JL, Noble RD.
Separation of binary c5 and c6
hydrocarbon mixtures through mfi
zeolite membranes. Journal of Membrane
Science. 2006;269(1):171-176

[18] Seader JD, Henley EJ. Separation
Process Principles. 1st ed. New York,
USA: John Wiley and Sons Inc.; 1998

70

Zeolites - New Challenges

[19] Colella C. Ion exchange equilibria in
zeolite minerals. Mineralium Deposita.
1996;31(6):554-562

[20] Loiola A, Andrade J, Sasaki J, da
Silva L. Structural analysis of zeolite naa
synthesized by a cost-effective
hydrothermal method using kaolin and
its use as water softener. Journal of
Colloid and Interface Science. 2012;
367(1):34-39

[21] Smit B, Maesen TLM. Molecular
simulations of zeolites: Adsorption,
diffusion, and shape selectivity.
Chemical Reviews. 2008;108(10):
4125-4184

[22] Tarditi AM, Horowitz GI,
Lombardo EA. Xylene isomerization in a
zsm-5/ss membrane reactor. Catalysis
Letters. 2008;123(1):7-15

[23] Young L, Butter S, KaedingW. Shape
selective reactions with zeolite catalysts:
Iii. Selectivity in xylene isomerization,
toluene-methanol alkylation, and toluene
disproportionation over zsm-5 zeolite
catalysts. Journal of Catalysis. 1982;76(2):
418-432

[24] Dubbeldam D, Calero S,
Maesen TLM, Smit B. Understanding
the window effect in zeolite catalysis.
Angewandte Chemie International
Edition. 2003;42(31):3624-3626

[25] Kärger J, Petzold M, Pfeifer H,
Ernst S, Weitkamp J. Single-file
diffusion and reaction in zeolites.
Journal of Catalysis. 1992;136(2):
283-299

[26] Yashonath S, Ghorai PK. Diffusion
in nanoporous phases: Size dependence
and levitation effect. The Journal of
Physical Chemistry B. 2008;112(3):
665-686

[27] Yashonath S, Santikary P. Influence
of non-geometrical factors on
intracrystalline diffusion. Molecular
Physics. 1993;78(1):1-6

[28] Yashonath S, Santikary P. Diffusion
of sorbates in zeolites y and a: Novel
dependence on sorbate size and strength
of sorbate-zeolite interaction. The
Journal of Physical Chemistry. 1994;
98(25):6368-6376

[29] Sharma A, Ghorai PK. Effect of
force and location of bottleneck for
particle moving through window under
encapsulation. Journal of Chemical
Science. 2017;129(8):1293-1300

[30] Rajappa C, Yashonath S. Levitation
effect and its relationship with the
underlying potential energy landscape.
The Journal of Chemical Physics. 1999;
110(12):5960-5968

[31] Yashonath S, Rajappa C.
Temperature dependence of the
levitation effect implications for
separation of multicomponent mixtures.
Faraday Discussions. 1997;106:105-118

[32] Ghorai PK, Yashonath S. Diffusion
anomaly at low temperatures in
confined systems from the rare events
method. The Journal of Physical
Chemistry B. 2004;108(22):7098-7101

[33] Santikary P, Yashonath S. Dynamics
of zeolite cage and its effect on the
diffusion properties of sorbate:
Persistence of diffusion anomaly in naa
zeolite. The Journal of Physical
Chemistry. 1994;98(37):9252-9259

[34] Kar S, Chakravarty C. Instantaneous
normal mode analysis of the levitation
effect in zeolites. The Journal of Physical
Chemistry B. 2000;104(4):709-715

[35] Nandi MK, Banerjee A,
Bhattacharyya SM. Non-monotonic size
dependence of diffusion and levitation
effect: A mode-coupling theory analysis.
The Journal of Chemical Physics. 2013;
138(12):124505

[36] Federico J-C, Laredo GC. Molecular
size evaluation of linear and branched
paraffins from the gasoline pool by dft

71

Anomalous Diffusivity in Porous Solids: Levitation Effect
DOI: http://dx.doi.org/10.5772/intechopen.92685



quantum chemical calculations. Fuel.
2004;83:2183-2188

[37] Bhide SY, Kumar AVA,
Yashonath S. Diffusion of hydrocarbons
in confined media: Translational and
rotational motion. Journal of Chemical
Sciences. 2001;113(5):559-577

[38] Jorgensen WL, Madura JD,
Swenson CJ. Optimized intermolecular
potential functions for liquid
hydrocarbons. Journal of the American
Chemical Society. 1984;106(22):
6638-6646

[39] Personal communatication with Dr.
S.G. Thirumaleshwara Bhat.

[40] Kärger J, Ruthven DM. On the
comparison between macroscopic and
n.m.r. measurements of intracrystalline
diffusion in zeolites. Zeolites. 1989;9(4):
267-281

[41] Kärger J, Ruthven DM. Diffusion in
nanoporous materials: Fundamental
principles, insights and challenges. New
Journal of Chemistry. 2016;40:
4027-4048

[42] Borah BJ, Jobic H, Yashonath S.
Levitation effect in zeolites: Quasielastic
neutron scattering and molecular
dynamics study of pentane isomers in
zeolite nay. The Journal of Chemical
Physics. 2010;132(14):144507

[43] Jobic H, Borah BJ, Yashonath S.
Neutron scattering and molecular
dynamics evidence for levitation effect
in nanopores. The Journal of Physical
Chemistry B. 2009;113(38):12635-12638

[44] Thomas AM, Subramanian Y.
Hexane isomers in faujasite: Anomalous
diffusion and kinetic separation. The
Journal of Physical Chemistry C. 2017;
121(27):14745-14756

[45] Anil Kumar AV, Yashonath S,
Ananthakrishna G. Separation of
mixtures at nano length scales: Blow

torch and levitation effect. The Journal
of Physical Chemistry B. 2006;110(8):
3835-3840

[46] Ghorai PK, Yashonath S. Evidence
in support of levitation effect as the
reason for size dependence of ionic
conductivity in water: A molecular
dynamics simulation. The Journal of
Physical Chemistry B. 2006;110(24):
12179-12190

[47] Kemball C. Entropy of adsorption.
Advances in Catalysis. 1950;2:233-250

[48] Derouane EG. The energetics of
sorption by molecular sieves: Surface
curvature effects. Chemical Physics
Letters. 1987;142(3):200-204

[49] Derouane EG, Andre J-M,
Lucas AA. Surface curvature effects in
physisorption and catalysis by
microporous solids and molecular
sieves. Journal of Catalysis. 1988;110(1):
58-73

72

Zeolites - New Challenges

73

Section 2

Layered Zeolites



quantum chemical calculations. Fuel.
2004;83:2183-2188

[37] Bhide SY, Kumar AVA,
Yashonath S. Diffusion of hydrocarbons
in confined media: Translational and
rotational motion. Journal of Chemical
Sciences. 2001;113(5):559-577

[38] Jorgensen WL, Madura JD,
Swenson CJ. Optimized intermolecular
potential functions for liquid
hydrocarbons. Journal of the American
Chemical Society. 1984;106(22):
6638-6646

[39] Personal communatication with Dr.
S.G. Thirumaleshwara Bhat.

[40] Kärger J, Ruthven DM. On the
comparison between macroscopic and
n.m.r. measurements of intracrystalline
diffusion in zeolites. Zeolites. 1989;9(4):
267-281

[41] Kärger J, Ruthven DM. Diffusion in
nanoporous materials: Fundamental
principles, insights and challenges. New
Journal of Chemistry. 2016;40:
4027-4048

[42] Borah BJ, Jobic H, Yashonath S.
Levitation effect in zeolites: Quasielastic
neutron scattering and molecular
dynamics study of pentane isomers in
zeolite nay. The Journal of Chemical
Physics. 2010;132(14):144507

[43] Jobic H, Borah BJ, Yashonath S.
Neutron scattering and molecular
dynamics evidence for levitation effect
in nanopores. The Journal of Physical
Chemistry B. 2009;113(38):12635-12638

[44] Thomas AM, Subramanian Y.
Hexane isomers in faujasite: Anomalous
diffusion and kinetic separation. The
Journal of Physical Chemistry C. 2017;
121(27):14745-14756

[45] Anil Kumar AV, Yashonath S,
Ananthakrishna G. Separation of
mixtures at nano length scales: Blow

torch and levitation effect. The Journal
of Physical Chemistry B. 2006;110(8):
3835-3840

[46] Ghorai PK, Yashonath S. Evidence
in support of levitation effect as the
reason for size dependence of ionic
conductivity in water: A molecular
dynamics simulation. The Journal of
Physical Chemistry B. 2006;110(24):
12179-12190

[47] Kemball C. Entropy of adsorption.
Advances in Catalysis. 1950;2:233-250

[48] Derouane EG. The energetics of
sorption by molecular sieves: Surface
curvature effects. Chemical Physics
Letters. 1987;142(3):200-204

[49] Derouane EG, Andre J-M,
Lucas AA. Surface curvature effects in
physisorption and catalysis by
microporous solids and molecular
sieves. Journal of Catalysis. 1988;110(1):
58-73

72

Zeolites - New Challenges

73

Section 2

Layered Zeolites



75

Chapter 5

New Trends in Layered Zeolites
Hao Xu and Peng Wu

Abstract

Layered zeolites, with a flexible and changeable interlayer connection, can be 
modified to give a great number of derivative structures with enlarged pore sizes or 
enhanced external surface areas, via swelling, delamination, pillaring, or silylation. 
In recent years, great efforts have been devoted to the synthesis of novel-layered 
zeolite precursors, by using the specially designed bifunctional amphiphilic sur-
factants as the structure-directing agents or through the selective degradation of 
double four ring-containing germanosilicates. In addition, the novel modifications, 
such as mild delamination, interlayer expansion assisted by deconstruction-recon-
struction, and layer-stacking reorganization by dissolution-recrystallization, have 
also been developed to create more derivatives while achieving better preservation 
of layer structures. Recent progresses in the field of layered zeolites are summarized 
in this chapter, and the challenges for future development are also proposed.

Keywords: layered zeolite, design synthesis, structural modification, delamination, 
interlayer expansion

1. Introduction

Zeolites, with high-crystalline three-dimensional (3D) frameworks composed 
of TO4 (T = Si or Al, etc.) tetrahedrons, have found their unique advantages in the 
field of adsorption, separation, and catalysis, owing to a large surface area, uniform 
pore channels of molecular size, strong acidity, and redox ability. According to the 
International Zeolite Association (IZA), 244 kinds of zeolites have been recognized 
up to date, most of which are hydrothermally synthesized [1]. In addition, the topo-
tactic conversion from two-dimensional (2D) lamellar precursors to 3D rigid zeolite 
framework contributes ~10% of the whole zeolite family [2]. Rather than strong 
and rigid covalent bonds, relative weak and flexible hydrogen bonds are the interac-
tion force between the neighboring layers in 2D lamellar precursors, which are also 
called layered zeolites. These hydrogen bonds are derived from the abundant silanol 
groups on the layer surface, which would condense to form Si▬O▬Si linkage upon 
calcination and then produce 3D zeolite frameworks.

In the very beginning, layered zeolites are occasionally obtained from the tradi-
tional synthetic gels that were designed to produce 3D zeolites. However, the formation 
mechanism of these layered zeolites is still a mystery, which prohibits the researchers 
to design and synthesize more novel-layered zeolites via the traditional hydrothermal 
synthesis. Recently, several novel strategies have been proposed to synthesize layered 
zeolite, including the usage of specially designed bifunctional structure-directing 
agents (SDA) [3] and the transformation of 3D germanosilicates to 2D lamellar zeolites 
by posttreatment [4]. The newly established methods expanded the layered zeolite 
family, and there are now nearly 30 kinds of layered zeolites available (Table 1).
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The interlayer flexible hydrogen bonds endowed the layered zeolites with modi-
fiable structural property. Post-modifications including swelling [29], delamination 
[30, 31], pillaring [32], silylation [33], and detemplating [34] have been reported 
to increase the interlayer space or to gain higher external surface area (Figure 1). 
The classical swelling process is achieved by the intercalation of layered zeolites 
with large-sized surfactant molecules in the alkaline organic ammonium solution, 
resulting in enlarged interlayer space [29]. An ultrasonic treatment over the swollen 
intermediate produces full delaminated materials, changing the original ordered 
stacking style to house-of-cards arrangement and greatly enhancing the external 
surface area [30, 31]. Again, based on the swollen intermediate, the enhanced 
interlayer space can be stabilized by rigid silica pillars, giving pillaring materials 
with interlayer mesopores and intralayer micropores [32]. In contrast, interlayer 
silylation is an atom-level accurate modification to produce interlayer-expanded 
structures [33]. Detemplating, including the full and partial removal of the inter-
layer SDA molecules, results in a 3D zeolite framework and partial delaminated 

Layered precursors Structure codea Main pores for 3D structure Reference

MCM-22 MWW 10 × 10-R, 12R cages [5]

PSH-3 [6]

SSZ-25 [7]

ITQ-1 [8]

ERB-1 [9]

EMM-10 [10]

SSZ-70 [11]

ECNU-5 [12]

PREFER FER 10 × 8-R [13]

PLS-3 [14]

MCM-47 CDO 8 × 8-R [15]

MCM-65 [16]

PLS-1 [17]

PLS-4 [14]

RUB-36 [18]

EU-19 CAS 8R [19]

Nu-6(1) NSI 8 × 8-R [20]

RUB-15 SOD 6R [21]

RUB-18 RWR 8 × 8-R [22]

RUB-39 RRO 10 × 8-R [23]

PreAFO AFO 10R [24]

Lamellar MFI MFI 10 × 10-R [3]

IPC-1P PCR 10 × 8-R [4]

*PCS 12 × 10-R, 10 × 8-R [25]

ECNU-21P — 10 × 6-R [26]

MCM-69(P) — — [27]

HUS-2 — — [28]
aThe structure code for the 3D zeolite obtained from layered precursor upon calcination.

Table 1. 
Listing of existing layered zeolite.
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materials, respectively [34]. Although these posttreatments have achieved a great 
success for most of the layered zeolites, the corrosion effect of the alkaline solution 
on intralayer structure in swelling process, the multistep procedure of delamina-
tion, and the failure of silylation over some special layered zeolites cannot be 
ignored, and new modification strategies are highly desired.

This chapter will review the recently developed synthetic methods, including 
the usage of bifunctional surfactants and the selective degradation of germanosili-
cates, and the modification strategies of layered zeolites, such as mild delamination, 
interlayer expansion assisted by deconstruction-reconstruction, and layer-stacking 
reorganization by dissolution-recrystallization. One of the most important driving 
forces of novel-layered zeolite exploration and modification improvement is to 
design synthesis of more efficient catalysts, with better accessibility of active sites 
provided by enlarged pores and external surface areas. Thus, this chapter will also 
cover the catalytic performance of the newly developed layered zeolite and deriva-
tive materials in the solid acid−/base-catalyzed reactions and the liquid selective 
oxidation reactions. For the conventional synthesis, characterization, classical 
modifications, and applications of layered zeolites, the readers could find them 
in the published reviews [35–40]. In the end, the challenge and possible future 
development in the field of layered zeolites is prospected.

2. Newly developed synthetic methods

2.1 Synthesis of layered zeolites with bifunctional amphiphilic SDAs

Compared to the continuous expanding in the 3D directions for typical zeolite 
frameworks, the layered structures only spread in 2D directions, with the growth in 

Figure 1. 
Summary of the post-synthesis modifications over a typical MWW lamellar zeolite.
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the third direction being interrupted. Considering this unique structural property 
of layered zeolites, Ryoo et al. proposed a novel strategy to synthesize layered zeo-
lites using specially designed bifunctional amphiphilic SDAs with the hydrophilic 
diquaternary ammonium head to direct the crystallization of intralayer structures 
and on the other hand the hydrophobic long alkyl chain to prevent the continuous 
growth in the direction vertical to the layers [3, 41]. MFI-layered zeolite, hardly 
obtained in the traditional hydrothermal synthesis, was firstly reported using this 
method with the surfactant of C22H45▬N+(CH3)2▬C6H12▬N+(CH3)2▬C6H13.  
A large amount of Na+ in the synthetic gel favored the alternating stacking of 2-nm-
thick MFI nanosheets and 2.8-nm-thick surfactant micelles, producing multilamel-
lar MFI with an overall thickness of 30–40 nm (Figure 2A–D). However, reducing 
the Na+ resulted in the formation of unilamellar MFI nanosheets (Figure 2E). Both 
of the two-layered MFI zeolites exhibited a significantly higher surface area than 
that of the traditional 3D MFI zeolite, due to the formation of mesopores upon 
calcination. The layered MFI zeolites showed longer lifetime in the methanol-to-
gasoline reaction and higher catalytic activity in the reactions involving large-size 
molecules, due to the simultaneous presence of mesopores and micropores. Similar 
superior catalytic results were reported by comparing the performance of layered 
TS-1 zeolite to that of bulk TS-1 in the epoxidation reactions [42]. The as-synthe-
sized multilamellar MFI zeolite has also been applied as an acid-base bifunctional 
catalyst in the Knoevenagel condensation reactions. The acid site was derived from 
the Al-related Brönsted acidity, while the ammonium group located in the pore 
mouth served as a base site [43].

The structure of the bifunctional amphiphilic SDAs was then proved to be 
critical for the synthesis of layered MFI zeolite [44]. Too small space between the 
two ammonium groups would result in bulk MFI, while too large space leads to the 
disordered stacking of MFI nanosheets. Tuning the number of ammonium group 
is effective in controlling the thickness of MFI nanosheets. The hydrophobic alkyl 
chain should be long enough to form a micellar structure. Once two long alkyl 
chains were present in the bifunctional SDA, hexagonal mesostructure was formed 
with the pore wall characterized with crystalline MFI structure having the thick-
ness of 1.7 nm [45]. By introducing aromatic groups into the hydrophobic chain 
of bifunctional SDA molecules, Che et al. have synthesized several lamellar MFI 
zeolites with different mesostructures, benefiting from the strong π-π stacking 
and the geometrical match between aromatic groups and MFI zeolitic frameworks 
[46–48]. This strategy of using bifunctional SDAs has been successfully extended to 

Figure 2. 
SEM (A) and TEM (B) images of layered MFI zeolite. The scheme for the single layer MFI nanosheet (C) and 
the structural model for multilamellar MFI (D) and unilamellar MFI (E).
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the synthesis of nanosheets with MTW [3], *MRE [49], and AlPO [50] frameworks, 
which have never been synthesized as 2D zeolites before.

For the well-known MWW-layered zeolite, a bifunctional SDA with the head group 
resembling the SDA for conventional MWW-layered zeolite and a long alkyl chain con-
nected by diquaternary ammonium linker directed the crystallization of MIT-1 com-
posed of MWW nanosheets with a house-of-cards arrangement (Figure 3), which was 
similar to the delaminated MWW material [51]. MIT-1 exhibited high mesoporosity 
with the external surface area higher than that of MCM-56 but lower than ITQ-2. This 
one-pot synthetic method using rational designed bifunctional SDA to prepare delami-
nated material avoids the conventional multistep process and also the amorphization 
of layer structure in the swelling treatment. Another directly synthesized delaminated 
MWW zeolite, DS-ITQ-2, was reported by Corma et al., under the co-directing effect 
of hexamethyleneimine (HMI) and a bifunctional SDA of N-hexadecyl-N′-methyl-
DABCO (C16DC1) [52]. HMI, the traditional template for the crystallization of layered 
MWW zeolite, was applied to direct the crystallization of MWW layers. For the 
bifunctional SDA, the hydrophilic head is located in the pocket of MWW layers, while 
the long hydrophobic chain prevents the ordering of stacking along c axis. The obtained 
DS-ITQ-2 showed a comparable catalytic activity as the conventional delaminated 
material of ITQ-2 in the liquid phase alkylation of benzene with propene.

2.2  Synthesis of layered zeolites by selective removal of double four rings  
from germanosilicates

Germanosilicates, with novel topologies and large-pore channels, have shown 
their great potential in the catalytic reactions involving bulky substrates. Ge atoms 
favored the formation of double four ring (D4R) and double three ring (D3R) when 
building the zeolite frameworks together with silica atoms, due to their longer 

Figure 3. 
Scheme description of one-pot synthesis of MIT-1 with delaminated MWW structure.
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Figure 5. 
Selective hydrolysis of germanosilicates CIT-13 under alkaline medium to give layered zeolite ECNU-21P.

Ge▬O bond and smaller Ge▬O▬Ge bond angle. Then, it is easy for these D4R 
and D3R subunits to construct large or extra-large pore channels, such as ITQ-37 
(30R) [53], ITQ-43 (28R) [54], ITQ-44 (16R) [55], etc. However, the instability of 
Si(Ge)▬O▬Ge bonds prevents the practical applications of germanosilicates. On 
the bright side, the instability of germanosilicates endowed them structural modifi-
able properties. Taking full advantage of this, Čejka et al. have put forward an effec-
tive strategy, called the assembly-disassembly-organization-reassembly (ADOR), to 
transform the 3D zeolite frameworks to 2D layered zeolite by selectively removing 
the Ge-rich D4R subunits in UTL germanosilicate under acidic environment to give 
IPC-1P lamellar intermediate (Figure 4) [4]. The obtained lamellar zeolite was then 
organized and reassembled by organic amine treatment, calcination, or interlayer 
silylation, giving a series of novel zeolite frameworks (IPC-n) [56–58]. Three of 
these novel UTL-derived zeolites, including OKO [59], PCR [4], and *PCS [25], 
have been recognized by the IZA structure committee. The alternating stable Si-rich 
zeolitic layer and instable Ge-rich D4R subunits and high Ge content are the key 

Figure 4. 
Scheme description of ADOR strategy to create layered zeolite intermediates under acidic condition and novel 
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factors for the successful structural transformation. The ADOR strategy assisted by 
an acidic solution has been successfully extended to other germanosilicates, includ-
ing ITH, IWR [60], IWW [61], UOV [62], and SAZ-1 [63].

Although CIT-13 germanosilicate meets all the criteria for ADOR strategy, it 
failed to give any lamellar zeolite. More detailed characterization indicated that the 
presence of Si▬O▬Si bonds vertical to the Si-rich layers may prohibit the success-
ful selective removal of D4R subunits [64]. Wu et al. reported a mild alkaline treat-
ment to hydrolyze both Ge▬O▬Ge(Si) and Si▬O▬Si bonds in the D4R subunits, 
giving a layered intermediate ECNU-21P (Figure 5), which was transformed to 3D 
ECNU-21 zeolite upon calcination [26]. In addition, the selective removal of D4R 
subunits from CIT-13 zeolite eliminates the intergrowth phenomena and resulted in 
a single crystalline zeolite framework. The alkaline medium-assisted ADOR strat-
egy works as a good addition to the original acid system and is expected to create 
more layered zeolites.

3. Novel modification strategies

3.1 Delamination of layered zeolite under mild conditions

The conventional delamination process includes the swelling process and a 
subsequent ultrasound treatment in alkaline solution with the typical pH value 
of ~13, which causes severe dissolution of the intralayer structures [30, 31]. 
Moreover, the mesoporous phase formed form dissolved silica species in swelling 
process, like MCM-41, may also contribute to the high surface area, which could 
give cheating information for the success delamination. Zones and Katz reported 
a delaminated MWW zeolite synthesized under mild condition, where a solu-
tion of tetrabutylammonium fluoride and chloride surfactants with a pH value 
of 9 was used (Figure 6) [65]. The fluoride ion could form a strong interaction 
with Si atoms, while the chloride ions would attack Al atoms in the delamina-
tion process. High solid yield of ~90% was obtained under the mild condition 
compared to the yield of ~75% under classical alkaline condition with the same 
treatment temperature and duration. The successful delamination was strongly 
evidenced by the loss of interlayer 10R pores, characterized by the decrease 
of the N2 uptake in the relative pressure of 10−7 < p/p0 < 10−4. The absence of 
Q2 signals and the sharper Q4 resonance bands in the 29Si NMR spectrum of 
delaminated UCB-1 material strongly indicated that the intralayer structure was 
well-preserved under the mild condition. However, a nonaqueous fluoride/chlo-
ride solution was needed in the delamination of the PREFER lamellar zeolite, 
and dimethylformamide was proved to be a suitable solvent in producing the 
delaminated UCB-2 material [66].

Figure 6. 
Mild delamination of MWW-layered zeolite with the assistance of F− and Cl− ions.
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Figure 5. 
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A more simple and mild delamination strategy without surfactant molecules and 
sonication was also proposed by Zones and Katz via the isomorphous substitution 
of Al for B in the B-containing MWW zeolite using aqueous Al(NO3)3 solution 
(Figure 7) [67]. The presence of neutral amine SDA and the careful control of 
temperature were proved to be critical for the success of this one-step delamina-
tion process. The obtained delaminated Al-containing ERB-1-del showed a similar 
morphology of single thin layers as the conventional delaminated ITQ-2 material 
and showed higher activity in Friedel-Crafts acylation reactions involving bulky 
substrates compared to 3D ERB-1C zeolite, due to the enhanced external surface 
area (133 vs 53 m2/g). An all-silica analog of ERB-1-del can be obtained by treating 
ERB-1 lamellar precursor with warm Zn(NO3)2 solution with a pH value of ~1 [68]. 
However, the one-step mild delamination strategy is now restricted to ERB-1 lamel-
lar precursor and has its limitations in the general application.

3.2  Interlayer expansion with large-sized silane agents assisted by 
deconstruction-reconstruction

Although the simple high-temperature acid treatment is able to give interlayer-
expanded structures, the assistant of silane agents helps the formation of more 
ordered and stable structures [69, 70]. The interlayer space of most lamellar 
precursors is large enough for monomolecular silane agent to insert two additional 
Si atoms in the pore window. To introduce more Si atoms and construct larger 
interlayer pore structures, the interlayer silylation achieved by large-sized silane 
molecules should be performed over the swollen intermediate [71, 72]. However, 
the conventional swelling process under the basic condition induces severe 
amorphization of the layer structures. To tailor the interlayer space, an interlayer 
deconstruction-reconstruction strategy was proposed by Wu et al. [73]. The PLS-3 
lamellar precursor was firstly deconstructed by a mild acid treatment to induce the 
partial removal of SDA molecules and then reconstructed in the aqueous solution 

Figure 7. 
Single-step delamination of MWW-layered zeolite via the isomorphous substitution of Al for B.
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containing bulky ammonium molecules, resulting in a lamellar precursor ECNU-
9(P) with an enlarged interlayer space (Figure 8). The bulky ammonium molecules 
are the classical SDA for the PREFER-layered zeolite having the same layer structure 
as PLS-3. Thus, the layer structure of PLS-3 was well-protected in the reconstruc-
tion process. The interlayer-expanded ECNU-9 zeolite with large/extra-large pore 
system of 14 × 12-R was synthesized by the intercalation of a bulky single four 
ring-shaped silane agent into ECNU-9(P). Ti-ECNU-9, obtained by incorporating 
Ti atoms into ECNU-9 via H2TiF6 treatment, exhibited significantly high activity 
in the epoxidation reaction of cyclohexene, compared with 3D Ti-FER and the one 
expanded by monomolecular silane agent.

A similar strategy was also reported in the silylation of HUS-2-layered zeolite 
[74]. A distance of a half unit cell along [001] the direction for the up-and-down 
silanols on the layer surface and the presence of silicon vacancy induced the 
structural collapse of HUS-2 upon calcination [28]. Thus, a dimeric silane agent 
with two active groups attached to each silicon atom was applied to connect the 
relative long-distance up-and-down silanols and simultaneously fill the vacancy. 
The original HUS-2 lamellar zeolite could not offer enough interlayer space to 
accommodate the bulky dimeric silane agent. Thus, a Sub-HUS-2 material with 
interlayer deconstructed structure was firstly prepared and then reconstructed 
with the assistance of bulky ammonium molecules, resulting in an enlarged 
interlayer space for the following silylation. The obtained interlayer-expanded 
ECNU-19 zeolite with intersecting 12 × 8-R pore system was confirmed by the 
structure refinement.

Figure 8. 
Scheme description of interlayer-expanded ECNU-9 zeolite via deconstruction-reconstruction strategy.
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3.3  Reorganization of layer stacking by rapid dissolution-recrystallization 
method

The reorganization of layer-stacking style is a useful strategy to produce 
partial delaminated materials, which preserved more micropores compared to 
full delaminated ones [34, 75]. Although the delaminated analogs can be obtained 
by direct hydrothermal synthesis [10, 76, 77], the posttreatment modification 
is easier to control. Partial detemplating by a mild acid treatment over MWW-
layered zeolite produced MCM-56 with higher external surface area than con-
ventional 3D MWW zeolite [34, 75]. In addition to this, a novel strategy of rapid 
dissolution-recrystallization was reported to give an intergrowth ECNU-5 zeolite 
with two different polymorphs of ECNU-5A and ECNU-5B (Figure 9) [12]. In the 
SDA-containing alkaline solution, the 3D all-silica MWW precursor ITQ-1 was 
fast dissolved to silica species in 1 h, which were then recrystallized to a lamellar 
material ECNU-5P with the assistant of the unique SDA of 1,3-bis(cyclohexyl) 
imidazolium hydroxide. The asymmetrical cyclohexyl groups in the SDA mol-
ecule were responsible for the disordered stacking style and the resultant inter-
growth structure by geometry mismatching. A new pore window with the size 
close to 14R was found in the ECNU-5 zeolite, different from the 12R cage in the 
traditional 3D MWW because of the misconnection of the up-and-down pockets 
from neighboring layers. ECNU-5 zeolite was later proved to be analogous to SSZ-
70 zeolite [11, 77].

A direct synthesized swollen MWW material ECNU-7P can be obtained by 
introducing the surfactant of cetyltrimethylammonium bromide (CTAB) in the 
above recrystallization process (Figure 10) [78]. The strong inorganic-organic 
interaction between the surfactant and structure layer, proved by 2D 1H▬29Si solid-
state NMR, induced the formation of the resultant alternating stacking of inorganic 
MWW layers and the organic CTAB layers. The calcined ECNU-7 zeolite exhibited 
a hierarchical pore system and larger external surface area than that of 3D MWW 
zeolite. Heteroatoms, like Al and Ti, can be isomorphously incorporated into the 
ECNU-7 zeolite, and they showed a superior catalytic activity in the cracking of 
1,3,5-triisopropylbenzene and the epoxidation of propylene with bulky cumene 
hydroperoxide as oxidant, respectively, compared to the traditional 3D MWW 
zeolite [79].

Figure 9. 
Scheme description of intergrowth ECNU-5 zeolite with novel MWW layer arrangement by rapid  
dissolution-recrystallization method.
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4. Conclusions

Layered zeolites, composed of zeolitic nanosheets linked by hydrogen bonds, 
provide modifiable precursors for the synthesis of novel zeolite derivatives with 
open pore system or large external surface area. The newly developed synthesis 
strategies, including the usage of delicately designed bifunctional amphiphilic SDAs 
and the top-down selective hydrolysis of 3D germanosilicates, have unexpectedly 
broken the limitation of conventional hydrothermal synthesis and largely expanded 
the family of layered zeolites. The successful example of layered MFI zeolite 
synthesized by bifunctional SDA indicated the potential of design synthesis and 
encouraged the researchers to explore more novel-layered zeolites. The selective 
degradation of germanosilicates, transforming the 3D zeolite to 2D lamellar zeolite, 
is highly related to the orientation distribution of instable bonds in the framework. 
To explore other zeolite structures besides germanosilicates with such regularity is 
expected to create new layered precursors.

On the other hand, several improved modification procedures have been 
proposed to simplify the multistep conventional processes and avoid the harsh 
treatment conditions. The variation of post-synthesis modifications is potential in 
providing more derivatives for the layered precursors, showing the infinite pos-
sibilities of the modifiable 2D layered zeolites.
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Figure 10. 
Direct synthesis of swollen ECNU-7P zeolite.
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Chapter 6

Zeolites: An Emerging Material 
for Gas Storage and Separation 
Applications
Nandini Das and Jugal Kishore Das

Abstract

Zeolites are one of the amazing materials available in nature because of their 
structural pores. Interestingly, these god-gifted properties of zeolite can be used in 
gas separation and storage application. Actually, hydrogen separation and its storage 
are now a thrust research area. Hydrogen is considered as a ‘clean energy,’ which is 
indispensable for global affluence and alternative energy for future. But hydrogen is 
not accessible in its pure form during the industrial synthesis process and comes out 
with some other impurities like CO2 (GHG) and other gases. So, the production of 
carbon-free hydrogen and its storage is so much vital. In conventional technologies, 
few concerns are always existed during gas separation and also in storage process. 
Recently, membrane-based separation process is a highly demanding technology in 
the industry and shows some advantages as compared to conventional process. Based 
on this concept, in this chapter, three different types of zeolites, that is, DDR, SAPO 
34, and Bikitaite are highlighted. Here, we described the advanced synthesis process 
and the mechanism towards the development of high-quality nearly defect-free 
membranes on cheaper support. Finally, the evaluation of membranes is described 
through gas permeation and selectivity results of different single gas and mixture gas 
composition. In addition, storage capacity of H2 by zeolite/surface-modified zeolites 
is included in this chapter.

Keywords: zeolite membrane, gas separation, gas storage, clean energy,  
pollution control

1. Introduction

Gas separation and storage processes are essentially important to various aspects 
in human society, such as energy consumption, environmental security, and indus-
trial production. Energy and environmental concerns are currently at the forefront 
of global attention. So, carbon dioxide separation is crucial to the mitigation of 
greenhouse effect [1–3]. Besides, separation of hydrogen and methane together with 
storage is indispensable for the prevalent use of clean energy. In the case of toxic 
gases, the separation and storage of ammonia and carbon monoxide are important 
for pollution control and the synthesis of industrial chemicals. The conventional 
gas separation technologies such as pressure swing adsorption (PSA), cryogenic 
distillation, etc. are very energy intensive as well as capital intensive. Also separa-
tion methods like liquid adsorbent are cost-effective. In the distillation process, the 
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repeated evaporating-condensing cycle of the mixture under harsh conditions is 
a problematical job. Also generation of liquid adsorbent is a main concern which 
required the heating and cooling of massive solvent medium to release adsorbed 
gas. Due to these negative aspects, the potential of emerging technologies based on 
adsorption or membrane separations is highly amiable alternative process and has 
been proposed as more energy-efficient technologies [4–8]. According to existing 
literatures, membrane-based separation technology only consumes 10% energy of 
that for distillation [9]. From the industrial perspective of storage and separation of 
different gases, adsorption-based technique is more amicable and commendable due 
to its superiority to other techniques like simplicity of design, easy operation, and 
low cost. The separation efficiency relies on internal porosity and surface properties 
of solid adsorbent due to their key role in gas sorption. Alternatively, molecular prop-
erties of the adsorbent such as chemical affinity or molecular size of the separated 
components play a vital role in the separation process. Separation and purification, 
meanwhile, involve the selective adsorption of particular species from gas mixtures. 
Also, gas storage requires elevated pressures due to volumetric capacity consider-
ations of porous materials and the need to deliver gas at ambient pressure or above.

Nanoporous materials have attracted huge interest among the communities of 
materials science, chemical engineering, and chemistry due to their excellent proper-
ties such as high surface area, large pore volume, and specific surface chemistry. The 
term nanoporous refers to any material with a pore size below ~100 nm. According to 
the International Union of Pure and Applied Chemistry (IUPAC) guidelines, nanopo-
rous materials encompass both the microporous (<2 nm) and mesoporous (2–50 nm) 
regimes. As per literature data, porous materials like zeolites, carbon, aluminophos-
phates, carbon nanotubes, silica gel, pillared clays, inorganic and polymeric resins, 
MOFs, and MOFs composites have been investigated as adsorbents. In industry some 
of the adsorbents are now used for different applications. In the literature, relevant 
reviews and monographs have discussed the syntheses process, characterizations, 
and the adsorption properties of these porous materials [9–14]. The importance of 
porous materials for different application is summarized in the literature, which can 
be helpful for the next-generation researcher. Among all porous material, especially 
in the microporous family, zeolites are the first and foremost emerging materials and 
attracted increasing interest because of their unique physical and chemical proper-
ties, such as high surface area, high chemical resistance, extraordinary mechanical 
properties, good adsorption, and catalytic properties due to specific surface chemis-
try [15–22]. These peculiar and amazing properties have highlighted the potential of 
this material in a variety of applications and particularly in the area of gas separation 
and storage application [23–34]. Zeolites are traditionally referred to as a family 
of open-framework aluminosilicate materials consisting of orderly distributed 
micropores in molecular dimensions. Topologically, zeolites are three-dimensional 
networks of corner-sharing tetrahedral TO4 (“T” denotes tetrahedrally coordinated 
Si, Al, or P), and different ways of tetrahedra connection lead to a diversity of zeolite 
framework types based on various compositions [35]. Silica zeolites consist of four-
coordinated Si bridged by oxygen atoms [36]. To date, 235 distinct zeolite framework 
types have been identified in natural or synthetic zeolites, each of which has been 
assigned a three-letter code by the International Zeolite Association (Figure 1) [37].

For zeolite synthesis, the well-known conventional hydrothermal method is a 
widely used technique. Besides the other synthesis method like sonochemical and 
sonochemical-assisted hydrothermal method, microwave-assisted methods are 
more popular and advanced synthesis process to achieve phase pure high-quality 
zeolites in terms of their shape, size, porosity, uniform structure, and better crystal-
linity [38]. Furthermore, for the synthesis of zeolite membrane on the porous 
support, the in-situ and ex-situ (secondary growth) hydrothermal techniques are 
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the well known process and more popular among other synthesis routes. In the case 
of in situ hydrothermal process, the porous support is immersed into the synthesis 
solution, and the membrane layer is formed directly through direct crystallization 
in a suitable time period. But in this process, the probability of attaining the high-
quality membrane on the support is less. So ex situ hydrothermal method which 
is also known as seeded growth technique is an effective and accepted approach 
towards the development of better membrane on the support surface. This method 
has potential advantages in terms of achieved preferential orientation control of 
membrane microstructure and higher reproducibility if compared with the in situ 
synthesis method [39]. Extensive studies have been performed aiming at investigat-
ing potential of zeolites and derived membranes for gas separation [40–56]. Specific 
zeolites have a high capacity and selectivity for the gases of interest, leading to 
compact and efficient separation/storage systems.

To make this book chapter comprehensive, here three different types of zeolitic 
material were focused. The first one is siliceous deca-dodecasil 3R (DDR) zeolite 
which has elliptical pore openings defined by 8-member ring windows with an 
effective size of 0.36 × 0.44 nm2, and it is useful for separation of small-sized gas 
[27, 43, 50]. Another important zeolite is silicoaluminophosphate (SAPO 34). SAPO 
34, a chabazite zeolite with a composition of SixAlyPzO2, where x = 0.01–0.98, 
y = 0.01–0.60, and z = 0.01–0.52, has an average pore size of 0.38 nm and plays an 
important role for gas separation application [32]. The last one is Bikitaite (BIK) 
zeolite having a unit cell chemical composition Li2(Al2Si4O12)-2H2O [11, 36]. It is 
a small pore (diameter 0.28–0.37 nm) sized zeolite and has been studied for vari-
ous applications and most notably has shown better performance in gas separation 
and storage application. The detail synthesis protocol and techniques used to 
synthesize zeolites and high-quality membrane have been discussed here.  
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Framework types of different zeolites [36, 37].
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which has elliptical pore openings defined by 8-member ring windows with an 
effective size of 0.36 × 0.44 nm2, and it is useful for separation of small-sized gas 
[27, 43, 50]. Another important zeolite is silicoaluminophosphate (SAPO 34). SAPO 
34, a chabazite zeolite with a composition of SixAlyPzO2, where x = 0.01–0.98, 
y = 0.01–0.60, and z = 0.01–0.52, has an average pore size of 0.38 nm and plays an 
important role for gas separation application [32]. The last one is Bikitaite (BIK) 
zeolite having a unit cell chemical composition Li2(Al2Si4O12)-2H2O [11, 36]. It is 
a small pore (diameter 0.28–0.37 nm) sized zeolite and has been studied for vari-
ous applications and most notably has shown better performance in gas separation 
and storage application. The detail synthesis protocol and techniques used to 
synthesize zeolites and high-quality membrane have been discussed here.  
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After all, the performance of the developed materials was discussed elaborately for 
better understanding and presents the future aspect of these materials.

2. Syntheses of three different types of zeolitic material

2.1 Materials

The chemical reagents used are boehmite powder (SASOL, Germany), colloidal 
silica (Ludox HS- 30, Sigma Aldrich), structure directing agent (SDA) 1-adaman-
tanamine (Sigma Aldrich), ethylene diamine (Merck, Mumbai, India), LiOH flakes 
(Merck, India), phosphoric acid (Qualigens fine chemicals, India), morpholine 
(S. D. fine chemicals, India), and deionized water.

2.2 Methods

Three unlike zeolites were synthesized by three different techniques like sono-
chemical, sonochemical-assisted hydrothermal method, and simple hydrothermal 
route. In the case of synthesis of the DDR zeolite, the sonochemical synthesis 
approach was implemented which is assisted by the complete growth of DDR crys-
tal in a shorter crystallization time. The precursor solution containing the molar 
ratio of 1 silica:0.5 1-adamantanamine:4 ethylene diamine:100 water was used in 
the synthesis of the DDR crystals. The details of step-by-step synthesis process 
for DDR zeolite was already described in the previously reported work [40]. Two 
different mixtures were prepared. It is reported that first the measured amount 
of Ludox and water were mixed together (mixture-1). Then in another mixture 
(mixture-2), the ethylene diamine and water were mixed in a beaker followed by 
addition of 1-adamantanamine. Then the final mother sol (mixture 1 + mixture 2) 
was sonicated for 1 h. For fast synthesis of DDR zeolite, the ultrasound equipment 
(UIP1500 hd HIELSCHER Ultrasound Technology) which produces acoustic waves 
at frequency of 20 kHz was very useful [28]. The energy input for sonication was 
250 W, and the mother sol was kept for aging for 1–9 days after sonication. The 
powdered products were recovered through centrifugation, washed with DI water 
until pH < 8, and then dried in the oven at 100°C for further characterization.

In the case of Bikitaite zeolite, the molar composition of the sol used for the 
synthesis was 10 Li2O:0.5 Al2O3:2.5 SiO2:600 H2O [56]. Like the previous protocol, two 
reactant mixtures were prepared respectively by suspending the measured amount of 
colloidal silica and lithium hydroxide in deionized water (DI water) in a glass beaker 
(mixture 1). Mixture 2 was prepared by adding the measured amount of boehmite in 
lithium hydroxide. Then it was mixed slowly to mixture 1 with constant and vigor-
ous stirring, and the mixture turned into a milky white sol. The resulting mixture 
was sonicated for 3 h. The energy input of sonication was varied from 150 to 250 W, 
followed by aging for 72 h. Then the sonicated mixture was poured into Teflon-
lined stainless steel autoclave. Hydrothermal crystallization was continued under 
autogenous pressure in a hot air oven at 100°C for 24 h. For comparison, the different 
Bikitaite samples were synthesized by hydrothermal process similar to the abovemen-
tioned condition without sonication treatment. After synthesis, the zeolite powders 
were washed thoroughly with deionized water until the pH of the washing liquid 
became neutral and then dried at room temperature for further characterization.

The molar composition of the sol used for the SAPO 34 zeolite synthesis was 
Al2O3:SiO2:P2O5:H2O 1:0.3:1:66. In a typical synthesis, first boehmite powder, 
phosphoric acid, and the required amount of water were mixed properly by 
using the stirrer with 600 rpm. The mixture was stirred overnight (mixture 1). 
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Another mixture was prepared by dissolving the calculated amount of silica sol, 
morpholine, and deionized water (mixture 2). Then the reaction mixture was 
added slowly with mixture 1, and the resulted mother solution was stirred for 
another 1 hour at room temperature. The resulting mixture was stirred vigorously 
for 15–30 min and was kept stirring overnight to produce a homogeneous sol. The 
prepared homogeneous sol was kept in an autoclave, and the reaction was started 
at 170°C for 120 h. Finally the zeolite powders were centrifuged at 12,000 rpm for 
20 min followed by washing with distilled water and the same washing process 
repeated four times. The resultant precipitate was dried in the oven at 100°C for 1 h.

2.3 Membrane synthesis

An indigenous clay-Al2O3 tube of diameter 10 mm, thickness 3 mm, and 60 mm 
length was used as support for synthesis of the membrane. The membranes were 
synthesized by secondary growth hydrothermal techniques. In this technique, first 
the seed layer was applied on the support by using different intermediate layer in 
order to attach the seed crystal and prepare a uniform seed layer on the support. 
Then the membranes were synthesized by secondary growth of the seed layer by 
hydrothermal process. The membrane synthesis procedure for SAPO 34, DDR, and 
Bikitaite zeolites was discussed in details in our previous work [47, 50, 56].

3. Characterization of zeolite powders and membranes

The crystalline structure of the as-synthesized zeolites and membranes was 
determined by XRD patterns. XRD was carried out on a Philips 1710 diffrac-
tometer using CuKα radiation (α =1.541° A). The characteristic vibration bands 
for zeolite powders were investigated by FTIR (Nicolet 5PC, Nicolet analytical 
instrument, Madison, WI). Thermogravimetric analyses (TGA) and differential 
thermal analyses (DTA) were performed in static air using the thermogravimetric 
analyzer (NETZSCH STA 409 C F3 Jupiter, Germany). The samples were heated at 
a rate of 10°C min−1 under air flow. The N2 adsorption/desorption measurements 
of different zeolite powder were evaluated on a volumetric gas adsorption analyzer 
(autosorb-iQ-MP, Quantachrome) at 77 K. The sample used in the adsorption 
measurement was degassed at 423 K for 6 h before the measurements. Pore size 
distributions and surface area data of the synthesized powders were collected from 
N2 adsorption at 77 K. The same apparatus was also used for the measurement of 
H2 adsorption/desorption isotherms at 77 K up to 1 bar. Prior to adsorption study, 
the sample was out-gassed appropriately at 250°C for 24 h under high vacuum 
(106 mbar). In this case, He (99.999%) and N2 (99.999%) were used as carrier 
gas. Accessible microporous volume has been estimated by using the Dubinin-
Radushkevich (DR) method. Transmission electron microscopy (TEM) measure-
ments were carried out with a Tecnai G2 30ST (FEI) operating at 300 kV. The 
microstructure, elemental mapping with EDAX, and cross-sectional line scanning 
of the synthesized membranes were examined using field emission scanning 
electron microscopy (FESEM: model Leo, S430i, UK). X-ray photoelectron 
spectroscopy (XPS) measurements of support, chemically modified support, and 
respective membrane were carried out on an XPS system (PHI 5000 VersaProbe II, 
ULVAC-PHI, INC., USA) using a monochromatic Al Kα X-ray source (1486.6 eV). 
To identify the bonding between seed crystal and support surface, Raman analysis 
was carried by Raman microscope (RENISHAW inVia, UK).

The gas permeation experiment was done by a specially designed permeation 
cell where the membrane was mounted in a stainless steel permeation cell and 
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Another mixture was prepared by dissolving the calculated amount of silica sol, 
morpholine, and deionized water (mixture 2). Then the reaction mixture was 
added slowly with mixture 1, and the resulted mother solution was stirred for 
another 1 hour at room temperature. The resulting mixture was stirred vigorously 
for 15–30 min and was kept stirring overnight to produce a homogeneous sol. The 
prepared homogeneous sol was kept in an autoclave, and the reaction was started 
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2.3 Membrane synthesis

An indigenous clay-Al2O3 tube of diameter 10 mm, thickness 3 mm, and 60 mm 
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thermal analyses (DTA) were performed in static air using the thermogravimetric 
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of different zeolite powder were evaluated on a volumetric gas adsorption analyzer 
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measurement was degassed at 423 K for 6 h before the measurements. Pore size 
distributions and surface area data of the synthesized powders were collected from 
N2 adsorption at 77 K. The same apparatus was also used for the measurement of 
H2 adsorption/desorption isotherms at 77 K up to 1 bar. Prior to adsorption study, 
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(106 mbar). In this case, He (99.999%) and N2 (99.999%) were used as carrier 
gas. Accessible microporous volume has been estimated by using the Dubinin-
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spectroscopy (XPS) measurements of support, chemically modified support, and 
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To identify the bonding between seed crystal and support surface, Raman analysis 
was carried by Raman microscope (RENISHAW inVia, UK).
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cell where the membrane was mounted in a stainless steel permeation cell and 
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sealed by silicone O-rings. Prior to permeation experiment, the leak test was carried 
out in order to obtain the correct data. The complete description of gas permeation 
measurement is given in the supporting information of our published paper [40].

4. Results and discussion

4.1 Formation mechanism of DDR zeolite

Siliceous deca-dodecasil 3R (DDR) zeolite has elliptical pore openings defined 
by 8- member ring windows with an effective size of 0.36 × 0.44 nm, and it is useful 
for separation of smaller-sized gas. DDR zeolites were synthesized by sonochemi-
cal method without the application of hydrothermal treatment. It is prepared only 
under sonication energy at different aging time ranging from 2 to 5 days. Figure 2 
shows all the characterization results of DDR zeolite obtained from XRD, IR, and 
FESEM. The XRD results of the sample explained the crystalline pattern, and the 
characteristic peaks are calculated by their (hkl) values. The acquired XRD patterns 
of the sample are most similar to that of the DDR structure, and the d-values are in 
agreement with those reported literature data [27]. The intensity and peak positions 
are well matched with the reported XRD patterns which explained the crystalline 
nature of the nanosized DDR zeolite. In the XRD pattern of sample aging for 2 and 3 
days as shown in Figure 2(a), the intensity increased gradually, and it confirms the 
more crystalline nature of the synthesized DDR zeolite (aging sample for 3 days).

Figure 2(b) shows the IR result of DDR crystals, and the strong vibration was 
noticed at 1377, 883, 767, 647, and 437 cm−1. The characteristic band at 437 and 
767 cm−1 was assigned to O–T–O (T = Si) bending and Si–O tetrahedral vibration, 
respectively. Here, more importantly the appearance of the peaks at 647 cm−1 was 
attributed to the double ring external linkage. The peaks at about 2915 and 2860 cm−1 
correspond to the stretching vibration of 1-adamantanamine [44]. The symmetric 
stretching vibration of internal tetrahedron was shown at 747 cm−1. Figure 2(c) 
shows the FESEM image of DDR zeolite, and elemental analysis showed that the 
desired atomic ratio of the DDR zeolite was obtained after 5 days of synthesis. The 
FESEM micrograph showed that the synthesized DDR seeds are nanosized powder 
having size 20 nm. The surface area of the synthesized powder was 212 m2 g−1. In 
sonochemical reaction process, free radicals are formed due to evolution of huge 
energy during collapsing of bubbles. It activates the reaction species which assisted 
in the nucleation and growth of colloidal nanoparticles of the reaction products [45]. 
In conventional synthesis process, the time required for complete reaction process is 
more which is often several days. But in sonochemical process, it needs less time for 
complete reaction process. From the XRD results, it can be assumed that the effect of 

Figure 2. 
(a) XRD patterns of DDR seed crystals synthesized for 2 days (lower), 3 days (middle), and 5 days (top);  
(b) IR spectrum of DDR zeolite synthesized for 5 days; and (c) corresponding FESEM image [43, 50].
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sonication reduced the reaction time and formed crystalline DDR zeolite. The short-
ened reaction time is attributed to an extremely high temperature at the interface 
between a collapsing bubbles and the bulk solution [45]. The mass transport as well 
as hydrolysis and condensation reaction which were responsible for zeolite formation 
is controlled in this whole process. For detail, reaction mechanism and explanation in 
favor of this result were discussed elaborately in our reported work [42].

To develop a continuous zeolite membrane on the support surface, at first the 
coverage of the seed particles must be high. Generally, polycrystalline zeolite mem-
brane contains defects (non-zeolitic pores) which are larger than zeolitic pores. The 
formation of non-zeolitic pores resulted from cracks and defects of the membrane 
layer. The non-zeolitic pores are mainly responsible for decreasing the selectivity. So 
in order to form a better membrane, initially seed layer plays a major role, and the 
adherence with the support layer is pretty much important. The lack of proper adher-
ence of seed crystals with support may initiate the crack formation in the membrane 
layer. For this, different types of polymeric coating layer were used as intermediate 
linker between seed layer and support. The reason behind the selection of different 
intermediate layer and the detail mechanism were described in the literature [40, 46, 
47, 50]. In the case of DDR zeolite membrane synthesis, the polymer polydiallyldi-
methylammonium chloride (PDADMAC) was used as intermediate linker.

PDADMAC is a high charge density homopolymer, and it can interact with 
several solid materials having negative surface charges. As an effect, the PDADMAC 
adsorbs on the alumina support primarily via electrostatic attraction between the 
negatively charged clay-Al2O3 support and the positively charged PDADMAC. Also 
the PDADMAC polymer can bind the negatively charged DDR zeolite particles by 
electrostatic attraction. As per the binding mechanism, it is assumed that due to 
electrostatic interaction, the negatively charged DDR zeolite particles were formed 
homogeneously and easily deposited on the modified support surface. This may 
facilitate the formation of a uniform and dense zeolite DDR membrane on the 
support surface. Figure 3 shows the schematic outlook of the binding mechanism of 
zeolite seed layer on the support surface via using PDADMAC as intermediate linker.

The surface morphology and cross-sectional view of the synthesized DDR 
zeolite membrane are shown in Figure 4(a) and (b). From the images, it can be 
assumed that a well-crystalline highly interlocked membrane layer was formed on 
the support having a uniform thickness of about 20–25 μm. Also, the phase purity 
of the DDR zeolite was confirmed from EDAX analysis (inset of Figure 4(a)), and 
it shows the atomic ratio of the Si and O is 1:2 which is desirable for DDR forma-
tion. The corresponding line scanning view (Figure 4(c) and (d)) throughout the 
membrane layer and support surface explained that the uniform membrane layer is 
formed on the support surface only and there is no penetration of zeolite layer into 
the support surface. For this outcome, intermediate PDADMAC plays a vital role. 
Regarding the development of continuous membrane formed or not on the support 

Figure 3. 
Schematic of the binding mechanism between zeolite seed crystals and the support surface via PDADMAC 
polymer as an intermediate linker [50].
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sealed by silicone O-rings. Prior to permeation experiment, the leak test was carried 
out in order to obtain the correct data. The complete description of gas permeation 
measurement is given in the supporting information of our published paper [40].
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days as shown in Figure 2(a), the intensity increased gradually, and it confirms the 
more crystalline nature of the synthesized DDR zeolite (aging sample for 3 days).
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Figure 2. 
(a) XRD patterns of DDR seed crystals synthesized for 2 days (lower), 3 days (middle), and 5 days (top);  
(b) IR spectrum of DDR zeolite synthesized for 5 days; and (c) corresponding FESEM image [43, 50].
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Figure 3. 
Schematic of the binding mechanism between zeolite seed crystals and the support surface via PDADMAC 
polymer as an intermediate linker [50].
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was indicated by FESEM and XRD results. But the actual quality of the zeolite 
membrane can only be evaluated by gas permeation properties of the membrane.

4.2 Formation mechanism of SAPO 34 zeolite

In the case of SAPO 34 zeolite membrane, a number of studies and effort have 
been carried out to develop a high-quality defect-free membrane. In the literature a 
lot of work has been done on SAPO 34 zeolite for gas separation and storage appli-
cation [32–34]. In our work an effort has been given to improvise the membrane 
structure and minimize the defects by different techniques for targeting the higher 
separation efficiency. SAPO 34 is a small pore zeolite (pore diameter of 0.38 nm), 
and it has a chabazite (CHA) type framework which is a promising member of the 
zeolite family. This interesting and efficient material has been studied for various 
applications. But notably its performance towards hydrogen separation from other 
light gases like CO2, N2, CH4, etc. is quite well known [32, 33]. In the first step and 
prior to membrane fabrication, SAPO 34 zeolite seed crystals were synthesized by 
hydrothermal technique, and characterization was done systematically to know 
the growth of SAPO 34 zeolite during hydrothermal process. The detailed stud-
ies on the gradual formation of SAPO 34 seed crystals at different times ranging 
from the initial gel mixture to 120 h at 170°C were described in our previous work 
[51]. The XRD pattern of the zeolite powders synthesized for 120 h is shown in 
Figure 5(a). The complete crystallization of SAPO 34 was noticed only after 120 h 

Figure 4. 
FESEM images of (a) DDR membrane on the PDADMAC-modified support with EDAX data (as inset),  
(b) cross-sectional view of DDR membrane layer indicating the thickness by the arrow, (c) line scanning 
through the support and membrane layer with compositional element scan, and (d) the corresponding spectra 
of O, Al, and Si (distance in micron) [50].
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of hydrothermal synthesis at 170°C. All diffraction peaks are mostly similar to those 
of the chabazite structure of SAPO 34, and the d-values, i.e., (100), (110), (210), 
(220), (211), and (131), are in agreement with those reported in the literature [32]. 
Figure 5(b) shows the FESEM image of SAPO 34 seed crystals and almost all the 
crystals are cubical in nature having size 2-3 micron.

The TEM image of SAPO 34 powder after 120 h of hydrothermal synthesis is shown 
in Figure 5(c), which looks like a cubic structure, and corresponding SAED pattern 
reflected the CHA structure of SAPO 34 zeolite as shown in Figure 5(d). Figure 5(e) 
describes the FTIR spectra of the SAPO 34 zeolite powders collected at different time 
starting from 0 (initial gel) to 120 h, during seed synthesis by hydrothermal method. 
The various zeolitic vibration frequencies were assigned in accordance to the reported 
literature [1]. From this study, it was confirmed that after 120 h, the complete chaba-
zite structure of SAPO 34 zeolite is formed. The characteristic band at 480, 534, and 
568 cm−1 was attributed to the vibration of SiO4, (Si, Al) O4, and PO4, respectively. In 
addition, the vibration peak at 638 cm−1 matched with the double-6 rings (D6) would be 
the key evidence to CHA framework completeness. The gradual formation of SAPO 34 
results at different time period, and the detail characterization was explained properly 
in the literature [51]. In the case of membrane synthesis, SAPO 34 zeolite membranes 
were synthesized on the clay-Al2O3 support by ex situ (secondary growth) hydrother-
mal method. In our approach we have prepared SAPO 34 zeolite membrane which is 
composed of three parts: the substrate, the intermediate layer, and the seed layer.

The intermediate layer is composed of the polymeric/inorganic oxide layer 
with dispersed zeolite seed crystals. The importance of intermediate layer used 

Figure 5. 
(a) XRD pattern of SAPO 34 zeolite synthesized by hydrothermal technique at 170°C for 120 h, (b) FESEM 
image of SAPO 34 zeolite, (c) bright field TEM image synthesized powder and inset show the EDS results,  
(d) corresponding SAED pattern of SAPO 34 zeolite, and (e) FTIR spectra of SAPO 34 zeolite samples 
synthesized at different time, ranging from 0 (initial gel mixture) to 120 h of hydrothermal synthesis [46, 51].

Figure 6. 
Schematic representation of the different steps involved in SAPO 34 membrane syntheses.
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for membrane synthesis was discussed in our reported results [40, 46, 47, 50]. 
The schematic representation for SAPO 34 membrane preparation is given here 
for better understanding (Figure 6).

In SAPO 34 membrane synthesis, silica intermediate layer was proposed for the 
selective deposition of oriented zeolite seed crystals with closely packed monolay-
ers on a low-cost clay-Al2O3 tubular support and then subjected to the secondary 
growth under suitable hydrothermal conditions. As a result, a homogenous and 
reduced defect in highly oriented membrane can be synthesized simply. The organi-
zation of zeolite microcrystals with controlled orientation on substrates has been a 
subject of scientific interest, and recently, several approaches have been developed 
to prepare zeolite films with controlled orientation [52–55].

Significantly, using silica intermediate layer is predominantly based on the 
thermal and mechanical stability, as well as it being able to withstand in very high 
pressures. The silica surface under normal conditions is recovered with reactive 
hydroxyl groups, Si–OH, called silanol groups, and the high density of such surface 
–OH groups may promote high coverage of the resulting zeolite film and the highly 
oriented crystals. Furthermore, the implication of a silica layer plays an important 
role during membrane development. First of all, the layer helps to make the support 
surface smoother for the deposition of seed crystals in a uniform direction, and most 
importantly it acts as a blockade layer for the penetration of zeolite seed crystals into 
the interior of the support. Also it facilitates to persist the support layer with more 
hydroxyl (–OH) groups and as a result imparts the support with more nucleation 
points where crystals could bind on the support via van der Waals interactions 
and H-bonding [55]. In addition, it reduced stress-induced crack formation at the 
support–zeolite interface during calcination step [52]. The synthesized membranes 
were characterized by XRD, FESEM, and FESEM elemental mapping, etc. Finally 
the actual quality of the membrane was evaluated by gas permeation studies.

The formation of phase pure SAPO 34 membranes with a high degree of crystal-
linity and correct orientation was confirmed by XRD analysis. Figure 7(a)–(d) 
shows the XRD patterns of the modified and nonmodified substrate, along with 
the membrane layer on that substrate. SAPO 34 membrane layer prepared on the 

Figure 7. 
XRD patterns of (a) bare support, (b) silica-modified support, (c) SAPO 34 membrane on the nonmodified 
support, and (d) membrane on the silica-modified support synthesized at 175°C for 120 h by hydrothermal 
process. (▪) peak from the clay-Al2O3 support [40].
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nonmodified support shows that all diffraction peaks are most similar to those of 
the chabazite structure of SAPO 34, and the intensity of the peaks like (220), (211), 
(131), etc. are very much prominent which indicates the presence of pure SAPO 34 
crystals from the membrane surface with random orientation.

In the case of XRD pattern of the SAPO 34 membrane prepared on the silica-
modified support, a quite interesting result was perceived, that is, the intensity of 
the (210) peak which increases drastically compared with other peaks. It can be 
explained that the membrane developed towards higher orientation. In addition, 
the membrane layer also associates with small amount of non-oriented crystals [53]. 
The stronger intensity of the single peak proves the possibility of formation of an 
oriented membrane on the silica-modified support surface which plays a vital role 
in determining the high performance of the membrane. The same interpretation 
was noticed from the FESEM results. Figure 8(a) and (b) illustrates the FESEM 
micrograph of the bare support and silica-modified clay-Al2O3 support surface, 
respectively. The homogeneous oriented seed monolayer on the silica-modified 
support is shown in Figure 8(c). From the FESEM images, it can be explained that 
the majority of the seed crystals are deposited with proper orientation along with 
some disoriented seed particles interfering during the seeding process. Then during 
hydrothermal synthesis at 170°C for 120 h, the seed layer grows epitaxially and 
formed an oriented membrane layer on the support.

Figure 8(d) depicts the surface morphology of the SAPO 34 membrane layers.  
It shows that the support surface was totally covered by uniform and compact 

Figure 8. 
FESEM micrographs of (a) clay-Al2O3 substrate, (b) top view image of silica-modified support, (c) oriented 
seed monolayer on silica-modified support with a few misoriented seeds indicated by arrow marks, and 
(d) oriented SAPO 34 membrane layer synthesized on the seeded support prepared at 175°C for 120 h by a 
hydrothermal process [40].
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cubic-shaped crystals, and no visible cracks, pinholes, or other macroscopic defects 
were observed. The FESEM micrograph of SAPO 34 membrane layer prepared 
on the nonmodified support surface has already been described earlier. The com-
prehensible discussion was described in our published paper [46]. This work is an 
attempt and is anticipated to have much importance for making defect-free low-cost 
highly oriented membranes which could offer to be a safe, simple, and environ-
mentally benign potential application for gas separation application. Then ultimate 
gas separation performance of the SAPO 34 membrane is discussed to explain the 
membrane efficiency.

Also another successful approach was implemented to develop an oriented 
defect-free membrane on the support surface. The oriented SAPO 34 membranes 
were grown on the support using a secondary (seeded) growth hydrothermal 
technique followed by insertion of 11-mercaptoundecanoic acid capped palladium 
(MUA-Pd) nanoparticles to the membrane.

Prior to membrane synthesis, first the clay-Al2O3 support was treated with 
polydiallyldimethylammonium chloride (PolyDADMAC) polymer, followed by 
deposition of seed layer homogeneously in a regular orientation on the support 
surface. A schematic representation of the membrane synthesis processes starting 
from bare support to nanoparticle insertion is shown in Figure 9. To deposit Pd NPs 
in the membrane matrix, a simple dip-coating technique was used. In practical, 
during thermal treatment of the Pd/SAPO 34 membrane, the instigation of defects 
is because of the removal of structure directing agent (SDA) from the zeolite pores. 
But interestingly, the presence of Pd NPs which entrapped inside the non-zeolitic 
pores and clogged the defects of the membrane. The synthesized membranes were 
characterized by XRD, TEM, XPS, and FESEM technique. FESEM and elemental 
mapping of the membrane cross section confirmed that most of the Pd NPs were 
deposited at the interface of the membrane and the support layer which may 
increase the membrane efficiency, i.e., separation efficiency.

Figure 9. 
Schematic representation of growth of SAPO 34 membrane starting from (a) bare substrate, (b) PolyDADMAC-
modified layer to capture zeolite seed crystal, (c) seed monolayer onto the modified support, (d) synthesized 
membrane by secondary growth hydrothermal process, and (e) membrane layer decorated with MUA-capped Pd 
NPs [47].
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The formation of phase pure, highly crystalline SAPO 34 zeolite on the support 
surface and the existence of Pd NPs on the membrane surface were confirmed by X-ray 
diffraction (XRD) patterns as revealed in Figure 10. From the XRD pattern of Pd/
SAPO 34 membrane, it is clear that the intensity of the (210) peak is higher than other 
(100), (−110), (220), (211), and (−131) peaks and proves the presence of oriented 
crystals in the membrane layer. The Pd face-centered cubic phase has been identified 
from the Pd (111) peak which confirms the presence of Pd NPs in the membrane layer. 
The interpretation from the XRD results explained the presence of the Pd NPs, and the 
vital information is that the presence of Pd NPs did not affect the crystal structure of 
the SAPO 34 zeolite. It is because of the implicated nanoparticles which are too large to 
reside in the cavities (0.38 nm) of the framework. In general, during the heat treatment 
process, the structure directing agents (SDA) or any other organics are removed, and 
as a result, non-zeolitic pores, i.e., intercrystalline gaps, defects, or cracks, are formed.

Hence, it may be believed that the non-zeolitic pores were occupied by Pd NPs 
during the thermal treatment of the membrane, and further interpretation was 
established by FESEM studies, EDAX analysis, and elemental mapping. These results 
were explained in our earlier work [47]. For clear understanding, FESEM results 
were described here. Figure 11(a) depicts a FESEM micrograph of the Pd/SAPO 34 
membrane layer prepared on the PolyDADMAC-modified support. It appears that a 
uniform membrane layer was formed with an interlocking structure. The uniformity of 
the membrane was achieved due to the coverage and proper orientation of seed crystals 
on the support which ultimately facilitated the formation of high-quality membrane. 
The high magnification FESEM data tells that no visible cracks, pinholes, or other 
macroscopic defects were noticed on the membrane layer. Then to know the membrane 
structure after thermal treatment, further FESEM characterization was done, and 
the micrograph of the calcined Pd/SAPO 34 membrane is illustrated in Figure 11(b). 
The membrane surface was analyzed carefully by selecting different areas.  

Figure 10. 
XRD patterns of (a) clay-Al2O3 support, (b) the SAPO 34 membrane layer prepared on the nonmodified 
support, and (c) the Pd/SAPO 34 membrane layers on the modified support synthesized by the secondary 
growth hydrothermal technique [47].
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on the support which ultimately facilitated the formation of high-quality membrane. 
The high magnification FESEM data tells that no visible cracks, pinholes, or other 
macroscopic defects were noticed on the membrane layer. Then to know the membrane 
structure after thermal treatment, further FESEM characterization was done, and 
the micrograph of the calcined Pd/SAPO 34 membrane is illustrated in Figure 11(b). 
The membrane surface was analyzed carefully by selecting different areas.  

Figure 10. 
XRD patterns of (a) clay-Al2O3 support, (b) the SAPO 34 membrane layer prepared on the nonmodified 
support, and (c) the Pd/SAPO 34 membrane layers on the modified support synthesized by the secondary 
growth hydrothermal technique [47].
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During inspection, the defective areas were identified, and to verify the presence of 
nanoparticles inside the defective area, EDAX analysis of the same area was done 
(Figure 11(c)). The Pd peak was identified along with SAPO 34 zeolite, and Si/Al 
ratio confirmed the complete growth of SAPO 34 zeolite. The quantitative elemental 
analysis of the synthesized Pd/SAPO 34 membrane coating is described in the table 
inset in Figure 11(c). The FESEM cross-sectional view (Figure 11(d)) shows that the 
thickness of the membrane is ~20–25 micron. The FESEM study revealed that the 
interlocked dense membrane was formed on the support surface successfully. However, 
the presence of Pd NPs which occupied and plugged into the non-zeolitic pores assisted 
towards the development of a nearly reduced defect membrane. It is noticed that two 
important phenomena were carried out simultaneously during thermal treatment. 
First, in the calcination process formation of non-zeolitic pores during the removal of 
structure directing agent, and simultaneously in the second step Pd NPs are migrating 
and entrapped inside the non-zeolitic pores and clogged the defects. Finally, in order to 
check the Pd/SAPO 34 membrane quality, gas permeation studies were carried out at 
room temperature in different feed pressures.

This work highlighted how the non-zeolitic pores of the synthesized membranes 
can be repaired by the insertion of palladium nanoparticles in the membrane 
matrix. Orientation and drastic reduction of non-zeolitic pores in the membrane 
layer may enhance the membrane quality for gas separation application.

4.3 Formation mechanism of BIK zeolite and modified BIK zeolite

Historically, activated carbons and zeolites have been the most studied micropo-
rous materials (pore diameter < 2 nm) for the storage of gases. Zeolites were the first 

Figure 11. 
FESEM micrographs of (a) Pd/SAPO 34 membrane layer, (b) calcined Pd/SAPO 34 membrane (dotted circle 
indicated by arrow mark shows the defects formed after calcination processes), (c) corresponding EDS spectra 
taken from the selected area indicated by dotted circle and the inserted table show the quantitative analysis, and 
(d) cross-sectional view of the Pd/SAPO 34 membrane layer [47].
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materials looked to as adsorbents for ANG technologies and methane adsorption 
in zeolites continue to assist in the understanding and design of adsorbent materi-
als [57–58]. Zeolites as hydrogen storage materials are investigated broadly, and it 
is found that small molecules such as molecular hydrogen can be easily absorbed 
into a flexible network of zeolites, and hydrogen adsorption properties of differ-
ent types of zeolites have been investigated [59–63]. It was found that the amount 
of hydrogen adsorbed on zeolites can be affected by the framework composition, 
structure, charge-compensating cations, and acidic–basic nature. In order to create 
strong binding sites for H2 in zeolite pores, the importance of charge balance is quite 
inevitable. In this perspective, the role of light alkali metal cations such as Li+, Na+, 
and Mg2+ into the porous framework of zeolite plays an important role and enhances 
the binding energy for hydrogen adsorption [64]. Among the alkali metal cations 
(Li+, Na+, Mg2+), lithium ion is more capable due to its low atomic weight and high 
affinity towards hydrogen by charge-induced dipole interactions [65]. Based on 
this concept, Li substituted Bikitaite zeolite nanocrystals are synthesized at room 
temperature in short crystallization time by sonochemical method. Further, ultra-
sonic irradiations have been used along with hydrothermal treatment for synthesis 
of zeolite nanocrystals. First the synthesized powders were characterized by XRD 
and confirmed the gradual formation of highly crystalline material. Figure 12 shows 
the XRD pattern of sonochemically synthesized Bikitaite zeolite at different sonica-
tion time starting from 1.5, 2, and 3 h, and the sonication energy of 150 W was fixed 
for the synthesis. Before sonication, the sol was aged for 72 h at room temperature. 
The XRD result reveals that after 1.5 h sonication, the zeolite phase started forming 
and remained the same up to 3 h of irradiation. But complete growth of nanocrys-
talline Bikitaite phase was observed after hydrothermal treatment of sonicated sol 
for 24 h at 100°C. The figure clearly shows that the nanocrystalline Bikitaite zeolite 
with major peaks (100), (101), (201), etc. has formed and all the XRD patterns 
were compared with XRD pattern of simulated zeolite (COD file-969,003,103) as 
described in the literature [56]. Next, the morphology of the powders was observed 
by FESEM. Figure 12(b)–(e) depicts the morphology and corresponding EDAX 
analysis of the powders synthesized by only sonochemical method. Comparing 
these micrographs, it is clear that, at room temperature by ultrasonic irradiation, 
Li zeolite was formed with smaller size. But after further hydrothermal treatment, 

Figure 12. 
(a) XRD pattern of Bikitaite zeolite synthesized with ultrasonic irradiation at different time, sonication energy 
of 150 W, aging time 72 h and sonication followed by hydrothermal treatment for 100°C and 24 h, FESEM 
micrograph of Bikitaite, prepared by (b) sonication for 3 h (inset: Higher magnified picture), (c) corresponding 
EDAX, (d) sonication followed by hydrothermal treatment at 100°C for 24 h (higher magnified picture is 
inset), and (e) corresponding EDAX [56].
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During inspection, the defective areas were identified, and to verify the presence of 
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ent types of zeolites have been investigated [59–63]. It was found that the amount 
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strong binding sites for H2 in zeolite pores, the importance of charge balance is quite 
inevitable. In this perspective, the role of light alkali metal cations such as Li+, Na+, 
and Mg2+ into the porous framework of zeolite plays an important role and enhances 
the binding energy for hydrogen adsorption [64]. Among the alkali metal cations 
(Li+, Na+, Mg2+), lithium ion is more capable due to its low atomic weight and high 
affinity towards hydrogen by charge-induced dipole interactions [65]. Based on 
this concept, Li substituted Bikitaite zeolite nanocrystals are synthesized at room 
temperature in short crystallization time by sonochemical method. Further, ultra-
sonic irradiations have been used along with hydrothermal treatment for synthesis 
of zeolite nanocrystals. First the synthesized powders were characterized by XRD 
and confirmed the gradual formation of highly crystalline material. Figure 12 shows 
the XRD pattern of sonochemically synthesized Bikitaite zeolite at different sonica-
tion time starting from 1.5, 2, and 3 h, and the sonication energy of 150 W was fixed 
for the synthesis. Before sonication, the sol was aged for 72 h at room temperature. 
The XRD result reveals that after 1.5 h sonication, the zeolite phase started forming 
and remained the same up to 3 h of irradiation. But complete growth of nanocrys-
talline Bikitaite phase was observed after hydrothermal treatment of sonicated sol 
for 24 h at 100°C. The figure clearly shows that the nanocrystalline Bikitaite zeolite 
with major peaks (100), (101), (201), etc. has formed and all the XRD patterns 
were compared with XRD pattern of simulated zeolite (COD file-969,003,103) as 
described in the literature [56]. Next, the morphology of the powders was observed 
by FESEM. Figure 12(b)–(e) depicts the morphology and corresponding EDAX 
analysis of the powders synthesized by only sonochemical method. Comparing 
these micrographs, it is clear that, at room temperature by ultrasonic irradiation, 
Li zeolite was formed with smaller size. But after further hydrothermal treatment, 
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(a) XRD pattern of Bikitaite zeolite synthesized with ultrasonic irradiation at different time, sonication energy 
of 150 W, aging time 72 h and sonication followed by hydrothermal treatment for 100°C and 24 h, FESEM 
micrograph of Bikitaite, prepared by (b) sonication for 3 h (inset: Higher magnified picture), (c) corresponding 
EDAX, (d) sonication followed by hydrothermal treatment at 100°C for 24 h (higher magnified picture is 
inset), and (e) corresponding EDAX [56].
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primary particles formed, reflecting porous woolen ball-like structures, which 
finally formed flake-like flower structure (Figure 12(d) inset).

The EDAX result (Figure 12(c) and (e)) explained that both phases show that 
the presence of silica is more than alumina which is in accordance to the reported 
stoichiometry of Bikitaite [66].

4.4 Gas storage

Hydrogen adsorption capacity of the developed materials suited at cryogenic 
temperature and room temperature. The highest H2 adsorption capacity for pure 
Li zeolite reached up to 1.3 wt% which is more than the reported value. The syn-
thesized zeolite was characterized by different techniques, and then the adsorption 
study carried out using appropriate method. The lithium doped sample showed 
higher hydrogen sorption capacity showed nearly 1.3 wt% compared with other 
zeolite as described in literature at 77 K and 1 bar pressure. Table 1 shows compari-
son of H2 adsorption capacity of Bikitaite with other reported values of zeolite [56]. 
The detailed study and explanation for hydrogen storage in Bikitaite zeolite have 
been discussed in our recent publication [67, 68].

Finally, the study has shown that Bikitaite zeolite is a promising material for 
hydrogen storage. The storage volume increases with increasing Li content of the 
zeolite. This can be attributed by strong interaction between hydrogen molecule 
and high charge density of Li + ion. The detailed description of this work was 
reported earlier [56]. For membrane fabrication, the same powders were used as a 
seed for secondary growth. The mechanism and detailed procedure of membrane 
fabrication and their characterization results were discussed properly in the litera-
ture [69]. In this book chapter, only SAPO 34 and DDR membrane are highlighted.

4.5 Gas separation

In this part gas permeation and separation studies of synthesized DDR and 
SAPO 34 membrane were discussed. In order to upgrade the quality of SAPO 34 
zeolite membrane, different approaches have been taken as described previously. 
Successfully “reduced defect” or nearly “defect-free” oriented membranes were 
synthesized on the low-cost clay-Al2O3 support. The separation performances of the 
synthesized membrane designate whether a high-quality membrane was formed 

Table 1. 
Comparison of H2 adsorption capacity of Bikitaite zeolite with reported values.
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or not. Therefore the synthesized membranes were used for gas separation studies 
at different feed pressures as well as different feed compositions. The separation 
studies were carried out at room temperature.

In the case of DDR membrane, the hydrogen separation efficiency was evalu-
ated. Before gas permeation studies, the membranes were calcined to remove all the 
structure directing agents and organic compounds present in the zeolitic pore.

The permeance is expressed as the flux rate through all the pores present in 
the membrane. The diffusion rate becomes significantly smaller where the kinetic 
diameter of the gas becomes larger than the pore size of the zeolite. The molecular 
kinetic diameters of H2 and CO2 are 0.29 and 0.33 nm, respectively, which are close 
to the pore size of DDR zeolite. The configurational diffusion and the variation 
in molecular size between H2 and CO2 result in the difference in the rate of diffu-
sion through the DDR zeolite channels. The diffusion rate of H2 is faster than that 
of CO2, and therefore, H2 and CO2 can be separated by DDR zeolite membrane. 
Figure 13 describes the change of permeated flux of both H2 and CO2 through DDR 
zeolite membrane with varying transmembrane pressure difference. It shows that 
the rate of change of permeating flux with pressure is less for both CO2 and H2. In 
the case of molecular sieving through zeolitic pores, the rate of change of flux is 
pressure independent. But in this result, the little increase of flux with pressure 
shows that the membrane is associated with low concentration of non-zeolitic 
pores. At high pressure, CO2 adsorbs more strongly than H2 on the DDR zeolite 
membrane surface due to quadruple moment nature of CO2. So rate of desorption 
of CO2 from the membrane surface also decreases; as a result, permeating flux also 
decreases compared with hydrogen.

The real performance of the membranes can be enlightened by their mixture gas 
separation ability. Figure 14 assigns the H2/CO2 separation factor of the mixture 
gas at room temperature as a function of CO2 feed concentration at 200 kPa feed 
pressure for the DDR membrane. From mixture gas, it is explained that selectivity 
decreases with increasing CO2 concentration. In general, CO2 has been preferen-
tially adsorbed on the DDR pore surface, and therefore with increasing CO2 concen-
tration, the extent of pore coverage has also increased. As a result, H2 permeability 
decreased and selectivity reduced spontaneously. The competitive adsorption-
diffusion mechanism along with molecular sieving both is playing an important 
role for separation process. The H2/CO2 separation selectivity of the membrane 

Figure 13. 
Single gas permeated flux of H2 and CO2 as a function of transmembrane pressure difference [50].
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or not. Therefore the synthesized membranes were used for gas separation studies 
at different feed pressures as well as different feed compositions. The separation 
studies were carried out at room temperature.

In the case of DDR membrane, the hydrogen separation efficiency was evalu-
ated. Before gas permeation studies, the membranes were calcined to remove all the 
structure directing agents and organic compounds present in the zeolitic pore.

The permeance is expressed as the flux rate through all the pores present in 
the membrane. The diffusion rate becomes significantly smaller where the kinetic 
diameter of the gas becomes larger than the pore size of the zeolite. The molecular 
kinetic diameters of H2 and CO2 are 0.29 and 0.33 nm, respectively, which are close 
to the pore size of DDR zeolite. The configurational diffusion and the variation 
in molecular size between H2 and CO2 result in the difference in the rate of diffu-
sion through the DDR zeolite channels. The diffusion rate of H2 is faster than that 
of CO2, and therefore, H2 and CO2 can be separated by DDR zeolite membrane. 
Figure 13 describes the change of permeated flux of both H2 and CO2 through DDR 
zeolite membrane with varying transmembrane pressure difference. It shows that 
the rate of change of permeating flux with pressure is less for both CO2 and H2. In 
the case of molecular sieving through zeolitic pores, the rate of change of flux is 
pressure independent. But in this result, the little increase of flux with pressure 
shows that the membrane is associated with low concentration of non-zeolitic 
pores. At high pressure, CO2 adsorbs more strongly than H2 on the DDR zeolite 
membrane surface due to quadruple moment nature of CO2. So rate of desorption 
of CO2 from the membrane surface also decreases; as a result, permeating flux also 
decreases compared with hydrogen.

The real performance of the membranes can be enlightened by their mixture gas 
separation ability. Figure 14 assigns the H2/CO2 separation factor of the mixture 
gas at room temperature as a function of CO2 feed concentration at 200 kPa feed 
pressure for the DDR membrane. From mixture gas, it is explained that selectivity 
decreases with increasing CO2 concentration. In general, CO2 has been preferen-
tially adsorbed on the DDR pore surface, and therefore with increasing CO2 concen-
tration, the extent of pore coverage has also increased. As a result, H2 permeability 
decreased and selectivity reduced spontaneously. The competitive adsorption-
diffusion mechanism along with molecular sieving both is playing an important 
role for separation process. The H2/CO2 separation selectivity of the membrane 
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Single gas permeated flux of H2 and CO2 as a function of transmembrane pressure difference [50].
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increased up to 3.7 at room temperature which is more than the reported values and 
separation mechanism explained properly in our reported work [46].

But some appreciable gas separation results were found in the case of SAPO 
34 membrane synthesized on SiO2 modified support. The SAPO 34 membrane 
synthesized on SiO2 modified support shows an appreciable hydrogen separation 
from CO2 and N2. Figure 15 shows the single gas permeation of H2 and CO2 at 
room temperature at different feed pressures. The synthesized membrane shows 
a relatively high hydrogen gas permeation value as compared with the literature 
values. Several factors might contribute to the higher hydrogen gas permeance 
through SAPO 34 zeolite membranes in this study. In general, the preferred orienta-
tion of the membrane layer plays a significant role in gas permeation. Generally, 

Figure 15. 
Single gas permeation through SAPO 34 membrane at room temperature as a function of different feed 
pressures and separation selectivity of H2/CO2. The inset shows the comparison of separation selectivity of  
H2/CO2 by using SAPO 34 zeolite membrane prepared on the modified and nonmodified support surface [40].

Figure 14. 
H2/CO2 separation factor of the mixture gas at room temperature as a function of CO2 concentration in feed at 
200 kPa feed pressure for DDR membrane [50].
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oriented porous paths exhibit superior performances compared with tortuous paths 
of randomly oriented pores of a membrane layer by minimizing the defect density 
and membrane resistance.

Actually, in the case of a highly oriented membrane structure, the pores are more 
aligned, and the resistance of the gas transport through the aligned channel is less 
than that of the zigzag path of the nonaligned randomly oriented pores. As a result, 
membrane resistance decreases and the permeation adequacy enhanced, as compared 
with the randomly oriented membrane. As per our earlier discussion, the use of an 
intermediate silica layer which impedes the penetration of the zeolite seed particles 
inside the pores of the support increases the ultimate permeability of the membrane. 
So, combining all these aspects, it can be concluded that the almost defect-free, 
highly improved SAPO 34 membrane was developed on SiO2 modified support which 
shows higher hydrogen gas permeance with creditable results. The configurational 
diffusion and the difference in molecular size between H2 and CO2 result in a dif-
ference in the rate of diffusion through the SAPO 34 zeolite channels. The diffusion 
rate of H2 is faster than that of CO2. The H2/CO2 selectivity gradually increases with 
respect to the different feed pressures. More interestingly, at room temperature, the 
appreciable highest selectivity value for H2/CO2 was found to be 9.12. As shown in the 
inset of Figure 15, it describes the comparative study of selectivity for H2/CO2, and 
the values were lower through the SAPO 34 membrane prepared on the nonmodified 
support with respect to the modified support under different feed pressures. This 
result indicates that there are fewer non-zeolitic pores in the case of the SAPO 34 
membrane on the modified support. However, the lowest selectivity values strongly 
indicate the presence of non-zeolitic pores, i.e., defects in the membrane layer.

The real performance of the membranes can be investigated by their gas mixture 
separation ability (Figure 16). In the case of the H2/CO2 system, an appreciable 
selectivity value of 16.66 was obtained, and selectivity gradually decreased with 
increasing feed pressure. This phenomenon can be explained by the same way, i.e., 
an adsorption-diffusion model. At higher pressure, CO2 adsorbs more preferentially 
than H2 because it has the strongest electrostatic quadrupole moment, and more 
adsorption sites are generated which block some of the adsorptions of more weakly 
absorbing species. As CO2 adsorbs preferentially in the SAPO 34 pore wall, it also 

Figure 16. 
Room temperature separation selectivity of 50:50 H2/CO2 and 50:50 H2-N2 mixture as a function of different 
feed pressures. (flow rate = 100 mL min−1) [40].
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rate of H2 is faster than that of CO2. The H2/CO2 selectivity gradually increases with 
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inset of Figure 15, it describes the comparative study of selectivity for H2/CO2, and 
the values were lower through the SAPO 34 membrane prepared on the nonmodified 
support with respect to the modified support under different feed pressures. This 
result indicates that there are fewer non-zeolitic pores in the case of the SAPO 34 
membrane on the modified support. However, the lowest selectivity values strongly 
indicate the presence of non-zeolitic pores, i.e., defects in the membrane layer.
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desorbs and diffuses earlier than H2, and the reasonable overall selectivity value in 
mixture was decreased. In H2-N2 gas mixture separation, a selectivity value of 20.91 
was achieved and decreased to a small extent with respect to the feed pressures. 
Here, N2 has a negligible effect with respect to CO2 on H2 during the separation 
process, and because of the larger size of the N2 (0.36 nm) than CO2 (0.36 nm), 
the effect of molecular sieving plays a major role in the higher selectivity. The 
combined effect of these two determines the ultimate selectivity of the membrane. 
The obtained selectivity values are improved compared with the reported literature 
values as described in earlier data [40]. Fascinatingly, the selectivity values were 
performed at high values and remain almost constant up to 80 h. The high reproduc-
ibility was due to the formation of defect-free and highly oriented membrane layers.

Next, permeation results were given here to understand the Pd/SAPO 34 
membrane quality. The flow rate of different gases was controlled by the mass flow 
controller (MFC). Figure 17 describes the single gas permeance of different gases 
through SAPO 34 membranes prepared on modified supports with and without Pd 
loading at 30°C and 200 kPa feed pressure as a function of the gas kinetic diameter 
(nm). It is interesting to note that single gas permeance through the Pd/SAPO 34 
membrane at room temperature changed dramatically in comparison to the SAPO 
34 membrane without Pd loading. As the kinetic diameter increased, the difference 
in the permeability of gases through those membranes decreased because of the 
difference in the kinetic diameter of gas molecule.

Mostly, the significant reduction of hydrogen permeance in the case of the  
Pd/SAPO 34 membrane as compared with the SAPO 34 membrane indicated 
the drastic reduction of non-zeolitic pores. However, in the case of the SAPO 34 
membrane, the higher permeance value of H2 was obtained because of the presence 
of defects. From this result, it can be concluded that the non-zeolitic pores are at a 
minimum in the SAPO 34 membrane after Pd NPs loading. Figure 18 describes the 
change of single gas permeance of H2 and CO2 through the SAPO 34 and Pd/SAPO 
34 zeolite membrane at different feed pressures. It can be explained that the rate 
of increase of the permeance values of CO2 with feed pressure is less than that of 
H2, and the explanation for this result has already been discussed. As CO2 adsorbs 
preferentially on the SAPO 34 zeolite membrane surface than H2, so the rate of 
desorption of CO2 from the membrane surface also decreased as compared with H2.

Figure 17. 
Single gas permeances of different gases through SAPO 34 and Pd/SAPO 34 membranes prepared on modified 
supports at 30°C and 200 kPa feed pressure as a function of the gas kinetic diameter (nm) [47].
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Hence, due to the preferential adsorption and diffusion of CO2 on the SAPO 34 
zeolite surface and the difference in molecular size between H2 and CO2, there is a 
difference in the permeance values through the SAPO 34 zeolite channels.

According to Figure 18, as expected, the H2 permeability through the Pd/SAPO 
34 membrane was lower than that through the SAPO 34 zeolite membranes, and the 
drastic reduction of the H2 permeance value as compared with SAPO 34 indicates 
that non-zeolitic pores were repaired by Pd NPs. Again, in the case of Pd/SAPO 
34, the CO2 permeance values are almost equal at different feed pressures which 
confirm the removal of non-zeolitic pores and permeability through the Pd/zeolite 
membrane mainly due to the molecular sieving process which is less dependent on 
feed pressure.

The real performance of the membrane for hydrogen gas separation from a 
mixture was evaluated from their mixture gas separation studies. The highest 
mixture gas separation factor for the Pd/SAPO 34 membrane was achieved at 20.8 
[47]. However, the mixture separation factor in the case of the SAPO 34 membrane 
was 6.2. Both values, i.e., hydrogen permeation and separation factors, were higher 
than the literature values. Separation selectivity of the SAPO membranes increases 
appreciably after insertion of the Pd NPs which can reduce the non-zeolitic pores to 
a large extent and improve the membrane quality for hydrogen gas separation.

5. Concluding remark and outlook

We have summarized our ongoing research endeavors of microporous zeolite 
material for efficient gas storage and separation application. The key efforts that 
have been made mainly involve the synthesis of zeolite nanocrystal in a shorter 
crystallization time and develop the high-quality-oriented membrane on the low-
cost support. To develop a high-quality membrane, different approaches have been 
taken and can be stated that our approach towards the development of high quality 
membrane is successful and may be applicable for other microporous materials for 

Figure 18. 
Room temperature single gas permeation study of SAPO 34 and Pd/SAPO 34 membrane at different feed 
pressures. (flow rate 100 mL min−1) [47].
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in the permeability of gases through those membranes decreased because of the 
difference in the kinetic diameter of gas molecule.
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Pd/SAPO 34 membrane as compared with the SAPO 34 membrane indicated 
the drastic reduction of non-zeolitic pores. However, in the case of the SAPO 34 
membrane, the higher permeance value of H2 was obtained because of the presence 
of defects. From this result, it can be concluded that the non-zeolitic pores are at a 
minimum in the SAPO 34 membrane after Pd NPs loading. Figure 18 describes the 
change of single gas permeance of H2 and CO2 through the SAPO 34 and Pd/SAPO 
34 zeolite membrane at different feed pressures. It can be explained that the rate 
of increase of the permeance values of CO2 with feed pressure is less than that of 
H2, and the explanation for this result has already been discussed. As CO2 adsorbs 
preferentially on the SAPO 34 zeolite membrane surface than H2, so the rate of 
desorption of CO2 from the membrane surface also decreased as compared with H2.
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supports at 30°C and 200 kPa feed pressure as a function of the gas kinetic diameter (nm) [47].
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Hence, due to the preferential adsorption and diffusion of CO2 on the SAPO 34 
zeolite surface and the difference in molecular size between H2 and CO2, there is a 
difference in the permeance values through the SAPO 34 zeolite channels.

According to Figure 18, as expected, the H2 permeability through the Pd/SAPO 
34 membrane was lower than that through the SAPO 34 zeolite membranes, and the 
drastic reduction of the H2 permeance value as compared with SAPO 34 indicates 
that non-zeolitic pores were repaired by Pd NPs. Again, in the case of Pd/SAPO 
34, the CO2 permeance values are almost equal at different feed pressures which 
confirm the removal of non-zeolitic pores and permeability through the Pd/zeolite 
membrane mainly due to the molecular sieving process which is less dependent on 
feed pressure.

The real performance of the membrane for hydrogen gas separation from a 
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[47]. However, the mixture separation factor in the case of the SAPO 34 membrane 
was 6.2. Both values, i.e., hydrogen permeation and separation factors, were higher 
than the literature values. Separation selectivity of the SAPO membranes increases 
appreciably after insertion of the Pd NPs which can reduce the non-zeolitic pores to 
a large extent and improve the membrane quality for hydrogen gas separation.
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We have summarized our ongoing research endeavors of microporous zeolite 
material for efficient gas storage and separation application. The key efforts that 
have been made mainly involve the synthesis of zeolite nanocrystal in a shorter 
crystallization time and develop the high-quality-oriented membrane on the low-
cost support. To develop a high-quality membrane, different approaches have been 
taken and can be stated that our approach towards the development of high quality 
membrane is successful and may be applicable for other microporous materials for 
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Chapter 7

Zeolites Applications in Veterinary 
Medicine
Marc Simona and Tulcan Camelia

Abstract

Zeolites have a wide range of use, from construction industries, aquaculture 
industries, agriculture, space research to human and veterinary medicine. This 
broad application of natural and synthetic zeolites is given by their main proper-
ties: adsorption, molecular sieving and cation exchange capacity. In this chapter 
the main use of zeolites in veterinary medicine is reviewed. The beneficial effects 
of zeolites in animal nutrition, on mycotoxins, as an adjuvant in anticancer treat-
ment and in increasing passive immunity of newborn ruminants are reported. 
Furthermore, multiple advantageous immune effects of zeolites such as their 
antioxidant capacity or their non-specific superantigen-like immunoglobulin action 
are also reviewed. Finally, their main positive effect on passive immunity in new-
born calves is discussed. Literature data reviewed confirms their beneficial role in 
newborn calves during colostral period.

Keywords: zeolites, feed additive, immunostimulation, ruminants

1. Introduction

The first group of zeolite minerals was discovered in 1765 by a Swedish miner-
alogist A.F. Cronstedt who described several species found in well-defined crystals. 
He noticed that some heated minerals began to lose their constituent water with a 
boiling-like appearance, hence the name of zeolite (from the Greek words “zeos” 
and “lithos” which translate as “boiling stone”) [1].

Zeolites are natural, hydrated, crystalline aluminosilicates made up of three-
dimensional networks extended by AlO4 and SiO4 linked together by oxygen atoms, 
which make up a rigid, open, honeycomb-like skeleton, generally including cations 
which neutralize the excess negative charge of aluminum tetrahedra and water 
molecules. Each AlO4 tetrahedral network supports a net negative charge that is 
balanced by a cation, usually from the I-A or II-A group (Ca, Mg, Na, K, Fe). These 
ions are not part of the zeolite network and can be changed by other cations such as 
heavy metals (Hg, Pb, Cd) or ammonium ions [2–4].

There are 67 natural zeolite minerals accepted by the Natural Zeolites 
Commission of the International Zeolite Association (IZA) and all have a unique 
three-letter code [5].

Clinoptilolite of sedimentary origin, generally the most used natural zeolite, is 
authorized by the Commission Implementing Regulation (EU) no. 651/2013 as a 
feed additive for all animal species [6]. In the United States, clinoptilolite belongs to 
the sodium aluminosilicate category and has the status of Generally Recognized as 
Safe (GRAS) (Code of Federal Regulations CFR, Title 21, Section 182.2727) [7].
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Due to their main properties: adsorption, molecular sieving and cation 
exchange, zeolites have a wide use in many areas. For example, in agriculture, 
natural zeolites are used to obtain fertilizers capable of better nitrogen retention 
and in a slow and controlled release of fertilizers, nitrogen use efficiency (NUE) 
increase [8, 9]. In aquaculture industry natural, synthetic or modified zeolites are 
used as adsorbents for ammonia removal from fish farming ponds and transporta-
tion tanks, as a cation-exchanger for removal of different toxic heavy metals from 
fresh water and sea water cultures and as a feed supplement to enhance fish growth 
[3]. Also, zeolites can increase the nutrient (by addition of micronutrients) and 
water use efficiency of drylands (by their water holding capacity) [9]. Natural 
zeolites are used in wastewater, surface waters, ground and underground water, 
drinking water treatment [10, 11], in decontamination of radioactive waste water 
[12] and in agro-industrial wastewater treatment due to their exceptional cationic 
exchange and adsorption properties [13]. In construction field through their excel-
lent properties, mainly porosity, specific weight and adsorption, they can be used 
as a building stone [14], in zeoponic substrates—artificial soils developed by the 
National Aeronautics and Space Administration—for plant growth in space [15], 
and as potential slow-release carriers for herbicides, insecticides and other organic 
compounds, protecting in this way the environment from chemicals [16].

In animal production, alternative products as zeolites are a solution to ensure 
health, productive performance (yield and quality of carcass, milk yield), to reduce 
the effects of mycotoxins on animal health status, to remove selectively pathogens 
from the animal gut without reducing microbial richness and finally to increase 
farm profitability. All of these effects has been extensively studied in the last decade 
[17–28] and are schematic represented in Figure 1.

Clinoptilolite is also used as a biomedical feed ingredient due to its beneficial 
properties as a growth-promoter and immunostimulant and can constitute an alter-
native to antibiotic growth promoters [29], since European Union legislation has 
banned the use of antibiotics for growth promotion in 2006, because the overuse of 
antibiotics in animals can contribute to emergence of antibiotic resistance [30].

Zeolites can have a protective effect in intoxication and in reducing parasite 
infestations. These effects are evidenced by researchers who observed that clino-
ptilolite (2 g/kg) could have some protective effect in organophosphorus poisoning 
in sheep by protecting the rumen flora and by preventing the decrease of cholin-
esterase activity [31]; in lead intoxication in mice, clinoptilolite given in 10/1 ratio 

Figure 1. 
The main applications of zeolites in veterinary medicine.
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(clinoptilolite/Pb) adsorbed 91% of Pb, and when supplementing 3% clinoptilolite 
feed to pigs that received 150 ppm CdCl2, clinoptilolite prevented Cd-induced 
anemia by adsorption of Cd [32]; and in reducing the excretion of cysts in goat kids 
with giardiasis [33]. It also had beneficial effects in infestations with nematode 
larvae in lambs, producing an increase in feed consumption and in body mass [34].

Some types of zeolites are studied for their adsorption properties in order to 
improve the life of people suffering from chronic kidney disease, who need to undergo 
weekly hemodialysis. Dialysis membranes made from zeolite and polymer are studied 
in order to improve the performance of hemodialysis. Nanofiber membranes made 
from zeolite and polyacrylonitrile (PAN) adsorb creatinine, with the best results for 
940-HOA (beta) zeolites (25,423 μg/g in 625 μmol/L creatinine solution) [35] and P87 
zeolite in combination with polyethersulfone, used because of their improved resis-
tance to fouling, thermal stability, chemical resistance and due to their high adsorption 
level of indoxyl sulfate (550 μg/g membrane) [36]. When zeolite was used along 
polyethersulfone (PES) and dimethyl formamide (DMF) in proper concentration: 
17:0.5:82.5 (PES:zeolit:DMF), creatinine concentration decreased by 91.99%, which 
suggests the possibility of using these membranes in haemodialysis [37].

2. As dietary supplements in animal nutrition

In animal husbandry, natural and synthetic zeolites have been mostly used to 
improve productive performance. The proposed mechanisms involved in achieving 
the increase in productive performance in animals are: ammonia binding, reducing 
toxic effects of ammonia produced by intestinal microbial activity; low passage 
rate of digesta through the intestines and more efficient use of nutrients; enhanced 
pancreatic enzymes activity-favorable effect on feed components hydrolysis over a 
wider range of pH, improved energy and protein retention; elimination of myco-
toxin growth inhibitory effects [32].

Due to the beneficial effects of the gradual release of ammonia ions on microbial 
synthesis in the rumen, zeolites are used especially in high non-protein nitrogen 
feed ratio. In vitro and in vivo experimental studies have shown that 15% of ruminal 
NH4

+ can be adsorbed by zeolites, thus reducing the toxic effects of urea (increased 
rumen pH and ammonia concentration in rumen and blood). Thus clinoptilolite 
(6%) in the feed of dairy cows receiving urea significantly reduced the concentra-
tion of NH4

+ in the rumen [32]. Also, a decrease in ruminal pH in diets with 1% 
clinoptiloliten is reported [38].

Milk fever and ketosis are the most common metabolic diseases that occur in 
cows with high milk production. Cows that received zeolite (1 kg zeolite/day for 
4 weeks before calving) did not experience subclinical hypocalcemia [39]. Also, the 
administration of zeolite A (sodium aluminosilicate) to pregnant cows during the 
dry period (1.4 kg zeolite A/day in the last 2 weeks of gestation) reduced the inci-
dence of milk fever. The mode of action of synthetic zeolite A is to reduce the bio-
availability of fodder calcium at the gastrointestinal level (calcium binding capacity 
of zeolite is 110 mg/g Ca at pH 11), stimulating Ca-homeostatic mechanisms before 
calving. At calving, the plasma level of calcium was significantly higher in the 
experimental group (p < 0.0001); with a slight drop of inorganic magnesium and 
phosphorus, that set up a week postpartum [40].

When clinoptilolite was administered (2.5%) in the last month of gestation, the 
incidence of milk fever was 5.9%, compared to 38.9% in the control group. Also, 
clinoptilolite (2.5%) administered during the dry period reduced the incidence of 
ketosis (5.9%) by improving the energy metabolism through increased produc-
tion of propionate in the rumen and by better recovery of feed [32]. Katsoulos 
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Due to their main properties: adsorption, molecular sieving and cation 
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from the animal gut without reducing microbial richness and finally to increase 
farm profitability. All of these effects has been extensively studied in the last decade 
[17–28] and are schematic represented in Figure 1.

Clinoptilolite is also used as a biomedical feed ingredient due to its beneficial 
properties as a growth-promoter and immunostimulant and can constitute an alter-
native to antibiotic growth promoters [29], since European Union legislation has 
banned the use of antibiotics for growth promotion in 2006, because the overuse of 
antibiotics in animals can contribute to emergence of antibiotic resistance [30].

Zeolites can have a protective effect in intoxication and in reducing parasite 
infestations. These effects are evidenced by researchers who observed that clino-
ptilolite (2 g/kg) could have some protective effect in organophosphorus poisoning 
in sheep by protecting the rumen flora and by preventing the decrease of cholin-
esterase activity [31]; in lead intoxication in mice, clinoptilolite given in 10/1 ratio 

Figure 1. 
The main applications of zeolites in veterinary medicine.
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(clinoptilolite/Pb) adsorbed 91% of Pb, and when supplementing 3% clinoptilolite 
feed to pigs that received 150 ppm CdCl2, clinoptilolite prevented Cd-induced 
anemia by adsorption of Cd [32]; and in reducing the excretion of cysts in goat kids 
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from zeolite and polyacrylonitrile (PAN) adsorb creatinine, with the best results for 
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polyethersulfone (PES) and dimethyl formamide (DMF) in proper concentration: 
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(6%) in the feed of dairy cows receiving urea significantly reduced the concentra-
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Milk fever and ketosis are the most common metabolic diseases that occur in 
cows with high milk production. Cows that received zeolite (1 kg zeolite/day for 
4 weeks before calving) did not experience subclinical hypocalcemia [39]. Also, the 
administration of zeolite A (sodium aluminosilicate) to pregnant cows during the 
dry period (1.4 kg zeolite A/day in the last 2 weeks of gestation) reduced the inci-
dence of milk fever. The mode of action of synthetic zeolite A is to reduce the bio-
availability of fodder calcium at the gastrointestinal level (calcium binding capacity 
of zeolite is 110 mg/g Ca at pH 11), stimulating Ca-homeostatic mechanisms before 
calving. At calving, the plasma level of calcium was significantly higher in the 
experimental group (p < 0.0001); with a slight drop of inorganic magnesium and 
phosphorus, that set up a week postpartum [40].

When clinoptilolite was administered (2.5%) in the last month of gestation, the 
incidence of milk fever was 5.9%, compared to 38.9% in the control group. Also, 
clinoptilolite (2.5%) administered during the dry period reduced the incidence of 
ketosis (5.9%) by improving the energy metabolism through increased produc-
tion of propionate in the rumen and by better recovery of feed [32]. Katsoulos 
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et al. revealed that long-term clinoptilolite administration (from 4 weeks before 
calving to the next dry period) at different doses (1.25 and 2.5%) did not have 
adverse effects on the liver and serum glucose concentrations, ketone bodies, total 
protein and urea did not change, with a higher milk production and a lower ketosis 
incidence [41]. Moreover, other important minerals such as: Cu, Zn, Fe were not 
influenced by the long-term administration of clinoptilolite (1.25 and 2.5%), which 
highlights the safety of this natural compound [19].

Also, in combination with yeast, clinoptilolite (Rumencure: yeast 60% and 
clinoptilolite 40%) given to cows for a long period (30 days) had no apparent 
adverse effects on their liver function and on some biochemical parameters  
(glucose, ketone bodies, blood urea nitrogen and total proteins) [42].

3. Positive effects against mycotoxins

Due to the increased incidence of contamination with mycotoxins, it has been 
attempted to use inert feed adsorbents to bind mycotoxins, thus reducing their 

Dietary rate Species (N) Effect Ref.

20 g/kg clinoptilolite in feed 
contaminated with 1 mg/kg 
aflatoxins for 42 days

Broiler 
chickens
N = 480

Decreased the severity of lesions and 
effectively diminished the detrimental 

effects of aflatoxins

[45]

1% synthetic zeolites NaA in feed 
contaminated with 2.5 mg/kg 
aflatoxin B1 from 21 to 42 days of age

Male 
broiler 
chicks
N = 80

Zeolite NaA can counteract some of the 
toxic effects of aflatoxin A in growing 

broiler chicks

[46]

3 and 5% clinoptilolite in feed 
contaminated with 2 ppm aflatoxin 
from day 1 to 7 weeks of age

Male 
chicks

N = 900

The level of 5% clinoptilolite was better 
in reduction the effects of alfatoxin 

than 3% clinoptilolite ratio

[47]

0.2% Minazel Plus/0.2% 
Mycosorb/0.2% Mycofix-plus in 
feed contaminated with 2 ppm T-2 
toxin for 21 days

“Ross” 
broiler 
chicks

N = 160

Pathohistological examination of liver, 
bursa of Fabricius and small intestine 
revealed better protective effects in 
groups fed with Mycofix-plus than 

in groups with Minazel Plus and 
Mycosorb were protective failure was 

noted

[48]

2% clinoptilolite in feed 
contaminated with 2.5 ppm aflatoxin 
B1 for 4 weeks

Laying 
hens

N = 96

The livers of hens showed very low 
mycotoxin concentrations

[49]

0.2% Min-a-Zel Plus in feed 
contaminated with 3 mg/kg 
zearalenone for 14 days

Piglets
N = 20

Agonistic effect due to oestrogen 
reduction

[22]

0.2% organozeolite
0.5% organozeolite in feed 
contaminated with 8.3 mg ZEN/kg 
for 53 days

Lambs
N = 64

The organozeolite reduced the content 
of zearalenone in liver, kidneys and 

muscles
Addition of 0.5% Min-a-Zel Plus 

eliminated zearalenone from all organs, 
totally

[17]

200 g clinoptilolite/animal/day for 
7 day

Dairy 
cattle
N = 15 
farms

Significantly reduced aflatoxin M1 in 
milk at an average rate of 56.2%

[50]

Table 1. 
The summarized effects of zeolites on mycotoxins as reported in literature data.
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intestinal absorption and toxic effects on animals and animal products. Annually, 
it is estimated that about 25% of the world’s harvested crops are contaminated 
by mycotoxins, leading to huge agricultural and industrial losses [43]. The first 
adsorbents successfully used in poultry, swine, sheep and bovine breeding were 
phyllosilicates, namely bentonite [32].

The adsorption process is strongly related to the pore size, the adsorbent 
contact surface, polarity, solubility, and the size of the mycotoxin molecules that 
are adsorbed (e.g., aflatoxins B1 and B2 have 5.18 Å and aflatoxins G1 and G2 are 
6.50 Å). Clinoptilolite has the highest in vitro adsorption, over 80% for aflatoxins B1 
and G2 [44], with effects demonstrated especially in the poultry industry [45–49], 
but also in piglets [22], lambs [17] and dairy cattle [50] as are presented in Table 1.

Studies performed by Serbian researchers have demonstrated in vivo and in 
vitro that clinoptilolite preparations adsorb ohratoxin A, zearalenone, aflatoxin 
B1, B2, G2, T-2 toxin, ergosine, ergocristine, ergocryptine and ergometrine in 
feed [51, 52]. The proportion of adsorption by clinoptilolite particles of the toxins 
enumerated in vitro varies depending on the concentration of these toxins and 
can range up to 99%. The main mycotoxins adsorbed by Min-a-Zel Plus, modified 
clinoptilolite, are: aflatoxin B1–99%, zearalenone—94%, ochratoxin A—96% and 
ergot alkaloids—97% [51, 52]. In another study, T2 toxin—a secondary metabolite 
of Fusarium fungi—was adsorbed on average in 30% by Min-a-zel Plus, Mycosorb 
(esterified glucomanane) and mixed binder Mycofix (inorganic binder, bacteria, 
enzymes and phytogenic material extracted from plants) in in vitro conditions at 
pH 3 [53].

4. Adjuvant in anticancer treatment

The first studies of anticancer effect of zeolites were performed at the beginning 
of 2001 when it was observed that the treatment with clinoptilolite of different 
tumors in mice and dogs have improved their life span and tumors have decreased 
in size [54]. In vitro studies using cancer cell cultures revealed the clinoptilolite 
inhibitory effect on protein kinase B (B-Akt), which reduced the growth of can-
cer cells and increased their apoptosis. Inhibition occurred only in the presence 
of serum. This finding suggests that adsorption of serum components may be a 
possible mode of action. Adsorption of molecules involved in transduction signals, 
such as inositol, phosphatides and Ca, can contribute to its therapeutic efficacy. It 
also induces expression of tumor suppressor proteins, p21 WAF1/CIP and p27 KIP1, 
blocking the growth of cancer cell lines. It is assumed that clinoptilolite reduces 
the exchange rate of intestinal epithelial cells, prolonging their activity, and that 
silicates and aluminosilicates can interact directly with some cells by modifying 
their intracellular pathways, and this leads to the alterations in the regulation of 
gene expression. Changing the order of interaction of other proteins with mem-
brane proteins may be involved, since membrane transport is required to activate 
protein kinase B [54]. Studies in mice injected i.v. with melanoma cells but receiving 
a micronized zeolite through gastric intubation for 28 days, revealed an increase in 
allogeneic graft versus host (GVH) in lymphocytes in the lymph nodes and a reduc-
tion in pulmonary metastases. The researchers’ hypothesis is that the local inflam-
mation caused by zeolite application, attracts peritoneal macrophages, and these 
cells in turn produce TNFα that stimulates spleen T-cells, which amplify the local 
inflammatory response [55]. Also, a reduction in the metabolic rate of cancer cells 
and a reduced production of 4-hydroxyinonenal following an anti-cancer treatment 
(Doxorubicin) along with tribomechanically micronized clinoptilolite, having in 
this way a potentiator effect on anticancer drugs, were reported [56].
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et al. revealed that long-term clinoptilolite administration (from 4 weeks before 
calving to the next dry period) at different doses (1.25 and 2.5%) did not have 
adverse effects on the liver and serum glucose concentrations, ketone bodies, total 
protein and urea did not change, with a higher milk production and a lower ketosis 
incidence [41]. Moreover, other important minerals such as: Cu, Zn, Fe were not 
influenced by the long-term administration of clinoptilolite (1.25 and 2.5%), which 
highlights the safety of this natural compound [19].

Also, in combination with yeast, clinoptilolite (Rumencure: yeast 60% and 
clinoptilolite 40%) given to cows for a long period (30 days) had no apparent 
adverse effects on their liver function and on some biochemical parameters  
(glucose, ketone bodies, blood urea nitrogen and total proteins) [42].
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intestinal absorption and toxic effects on animals and animal products. Annually, 
it is estimated that about 25% of the world’s harvested crops are contaminated 
by mycotoxins, leading to huge agricultural and industrial losses [43]. The first 
adsorbents successfully used in poultry, swine, sheep and bovine breeding were 
phyllosilicates, namely bentonite [32].

The adsorption process is strongly related to the pore size, the adsorbent 
contact surface, polarity, solubility, and the size of the mycotoxin molecules that 
are adsorbed (e.g., aflatoxins B1 and B2 have 5.18 Å and aflatoxins G1 and G2 are 
6.50 Å). Clinoptilolite has the highest in vitro adsorption, over 80% for aflatoxins B1 
and G2 [44], with effects demonstrated especially in the poultry industry [45–49], 
but also in piglets [22], lambs [17] and dairy cattle [50] as are presented in Table 1.

Studies performed by Serbian researchers have demonstrated in vivo and in 
vitro that clinoptilolite preparations adsorb ohratoxin A, zearalenone, aflatoxin 
B1, B2, G2, T-2 toxin, ergosine, ergocristine, ergocryptine and ergometrine in 
feed [51, 52]. The proportion of adsorption by clinoptilolite particles of the toxins 
enumerated in vitro varies depending on the concentration of these toxins and 
can range up to 99%. The main mycotoxins adsorbed by Min-a-Zel Plus, modified 
clinoptilolite, are: aflatoxin B1–99%, zearalenone—94%, ochratoxin A—96% and 
ergot alkaloids—97% [51, 52]. In another study, T2 toxin—a secondary metabolite 
of Fusarium fungi—was adsorbed on average in 30% by Min-a-zel Plus, Mycosorb 
(esterified glucomanane) and mixed binder Mycofix (inorganic binder, bacteria, 
enzymes and phytogenic material extracted from plants) in in vitro conditions at 
pH 3 [53].

4. Adjuvant in anticancer treatment

The first studies of anticancer effect of zeolites were performed at the beginning 
of 2001 when it was observed that the treatment with clinoptilolite of different 
tumors in mice and dogs have improved their life span and tumors have decreased 
in size [54]. In vitro studies using cancer cell cultures revealed the clinoptilolite 
inhibitory effect on protein kinase B (B-Akt), which reduced the growth of can-
cer cells and increased their apoptosis. Inhibition occurred only in the presence 
of serum. This finding suggests that adsorption of serum components may be a 
possible mode of action. Adsorption of molecules involved in transduction signals, 
such as inositol, phosphatides and Ca, can contribute to its therapeutic efficacy. It 
also induces expression of tumor suppressor proteins, p21 WAF1/CIP and p27 KIP1, 
blocking the growth of cancer cell lines. It is assumed that clinoptilolite reduces 
the exchange rate of intestinal epithelial cells, prolonging their activity, and that 
silicates and aluminosilicates can interact directly with some cells by modifying 
their intracellular pathways, and this leads to the alterations in the regulation of 
gene expression. Changing the order of interaction of other proteins with mem-
brane proteins may be involved, since membrane transport is required to activate 
protein kinase B [54]. Studies in mice injected i.v. with melanoma cells but receiving 
a micronized zeolite through gastric intubation for 28 days, revealed an increase in 
allogeneic graft versus host (GVH) in lymphocytes in the lymph nodes and a reduc-
tion in pulmonary metastases. The researchers’ hypothesis is that the local inflam-
mation caused by zeolite application, attracts peritoneal macrophages, and these 
cells in turn produce TNFα that stimulates spleen T-cells, which amplify the local 
inflammatory response [55]. Also, a reduction in the metabolic rate of cancer cells 
and a reduced production of 4-hydroxyinonenal following an anti-cancer treatment 
(Doxorubicin) along with tribomechanically micronized clinoptilolite, having in 
this way a potentiator effect on anticancer drugs, were reported [56].
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In another in vitro study done on mouse fibrosarcoma cells and other types of 
cells incubated for 24 h together with clinoptilolite researchers observed that the 
number of viable cells, DNA synthesis and activity of EGF-R, PKB/Akt and NFKB 
was reduced while apoptosis was enhanced maybe because clinoptilolite affects 
cellular microenvironment through mechanisms that are dependent on its charac-
teristics [57].

5. Effects on health status and growth performance

Clinoptilolite is also used as feed ingredient due to its beneficial properties as 
immunostimulant. One explanation of beneficial immune effects of silica, silicates 
and aluminosilicates could be their action as non-specific superantigen-like immu-
noglobulins (SAg). SAg are viral and bacterial toxins that are capable of activating 
a large population of T-cells. Activation occurs as a result of the simultaneous 
interaction between SAg, the T cell receptor (TcR) variable region β and the major 
histocompatibility complex (MHC) class II molecules on the surface of antigen pre-
senting cells (APC). Consequently, SAg stimulates 10–30% of T-cells, as opposed 
to 0.01–0.0001% as it stimulates common antigens. Proinflammatory macrophages 
belonging to APC cells, CMH class II are activated by the particles of silicates [58].

An indirect action of clinoptilolite on the immune system is also achieved by its 
antioxidant capacity. Sverko et al. showed that administration of tribomechani-
cally-activated clinoptilolite (12.5%) alone or together with Urtica dioica extract in 
mice per os for 3 weeks significantly reduced lipid peroxidation processes in the liver 
and significantly increased the content of superoxide-dismutase, an antioxidant 
enzyme. The antioxidant role of clinoptilolite is probably given by positive electrons 
that neutralize free radicals [59].

In weaned piglets that received 0.5% clinoptilolite for 5 weeks, it was observed 
that clinoptilolite was effective as an immunomodulatory agent by promoting the 
recruitment of circulating and intestinal immune cell subsets, even though it did 
not improve growth in weaned pigs, and generally failed to improve their feed con-
version efficiency [60]; in heifers vaccinated against Escherichia coli (day 210 and 
240 of gestation) the potentiating effect of clinoptilolite on the immune response 
was highlighted, and it indirectly improved the protection of calves [61].

In newborns, adding clinoptilolite to colostrum improves intestinal absorp-
tion of colostrum globulin, creating a good protection against neonatal diseases 
[18, 62–64].

Colostral period represents an important moment for the newborn ruminants, 
because in these species acquiring passive immunity is achieved exclusively through 
ingestion and absorption of adequate amounts of colostral immunoglobulins (Ig) 
[65]. Obtaining a good protection against neonatal diseases depends on how well 
this period is managed.

Scientific evidence highlights positive effects of zeolite supplementation on pas-
sive immunity [18, 21, 62] and on biochemical parameters [20, 23, 66] in newborns 
calves.

When we analyzed the effects of clinoptilolite supplemented in colostrum 
on blood serum protein electrophoretic pattern of newborn calves that received 
colostrum supplemented with 0.5 and 2% clinoptilolite, at 30 h after birth, the 
concentrations of γ-globulins, β-globulin and total protein in the group of calves 
that received 0.5% clinoptilolite (E1) were higher than in the control group by 
42.11% (p < 0.05), 28.48% (p > 0.05) and 18.52% (p > 0.05), respectively, and were 
higher, but not significantly, in the group that received 0.5% clinoptilolite (E2), and 
a significantly lower albumin/globulin ratio in groups E1 and E2 (29.35%, p < 0.05 
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and 35.87%, p < 0.05, respectively) was reported, compared with the control group 
at 30 h postpartum, which indicates an obvious increase in globulin fractions in 
experimental groups. Clinoptilolite was effective in improving passive transfer in 
newborn calves, better if added in colostrum in a dose of 0.5% than in a dose of 2% 
(Figure 2) [67].

A possible way of clinoptilolite action is explained, based on observation in 
Wistar rats that received zeolite for 34 days (6% of their weight) [68]. Some modi-
fications of intestinal cells were observed, such as: the microvilli length was higher 
(1.2 vs. 2.0), the number of microvilli per 10 μm was higher (54.4 vs. 64.8) their 
diameter was smaller (0.17 vs. 0.13) compared to the control group, and also that 
the cellular organisms of the enterocytes, the density of mitochondrial membranes 
and the number of attached ribosomes were higher, which indicates a rise in the 
adaptation processes of the cells [68].

In an experiment carried out in 20 newborn calves in order to observe the clini-
cal effects of clinoptilolite added in colostrum (20 ml clinoptilolite/L colostrum) 
during the first three meals, we concluded that administration of zeolites appears to 
reduce the incidence of diarrhea because only two calves from experimental group 
had health problems, one had bronchopneumonia and the other digestive transit 
difficulties with symptoms appearing after 28 days (not in neonatal period) in 
comparison with the control group where all calves had diarrhea in the first 11 days 
of life. The other parameter, growth performance measured on day 0, 45 and 90 
revealed that during the first 45 days body weight of calves treated with clinoptilolite 
was significantly higher compared with the group of calves receiving only colostrum 
(C) (p < 0.0058) (E1/C = +16.96%). This statistical difference at 45 days may be 
explained by the high number of calves from the control group suffering from health 
problems and this affected the daily gain. At 90 days, the difference between groups 
was not significant (p < 0.1035) (E2/C = +7.19%) [69, 70]. Similar results were 
obtained by Step et al. who found that body weight and average daily gain did not 
differ between treatment groups (clinoptilolite dosage was 0.5 and 2%) [23]. More 

Figure 2. 
Representative serum protein electrophoretograms observed in calves that received colostrum supplemented with 
0.5% (e–h) and 2% clinoptilolite (i–l) compare with control group (a–d) at different time interval (0, 6, 16 
and 30 h postpartum) [67].
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In another in vitro study done on mouse fibrosarcoma cells and other types of 
cells incubated for 24 h together with clinoptilolite researchers observed that the 
number of viable cells, DNA synthesis and activity of EGF-R, PKB/Akt and NFKB 
was reduced while apoptosis was enhanced maybe because clinoptilolite affects 
cellular microenvironment through mechanisms that are dependent on its charac-
teristics [57].

5. Effects on health status and growth performance

Clinoptilolite is also used as feed ingredient due to its beneficial properties as 
immunostimulant. One explanation of beneficial immune effects of silica, silicates 
and aluminosilicates could be their action as non-specific superantigen-like immu-
noglobulins (SAg). SAg are viral and bacterial toxins that are capable of activating 
a large population of T-cells. Activation occurs as a result of the simultaneous 
interaction between SAg, the T cell receptor (TcR) variable region β and the major 
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and 35.87%, p < 0.05, respectively) was reported, compared with the control group 
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was not significant (p < 0.1035) (E2/C = +7.19%) [69, 70]. Similar results were 
obtained by Step et al. who found that body weight and average daily gain did not 
differ between treatment groups (clinoptilolite dosage was 0.5 and 2%) [23]. More 

Figure 2. 
Representative serum protein electrophoretograms observed in calves that received colostrum supplemented with 
0.5% (e–h) and 2% clinoptilolite (i–l) compare with control group (a–d) at different time interval (0, 6, 16 
and 30 h postpartum) [67].
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recently, Ural et al. observed increased total weight and mean daily gain in calves 
that receive clinoptilolite (1 or 2 g/kg) in colostrum at calving, 12 and 24 h [71].

In another study, the addition of 0.5 g and 1 g/kg body weight per day in colos-
trum and milk for 45 days reduced fecal score and its severity, probably by retarding 
effect of clinoptilolite on intestinal passage rate [21]. The activity of clinoptilolite 
on reducing signs of diarrhea could be caused by: alteration of metabolic acidosis 
through effects on osmotic pressure in the intestinal lumen; or through retention 
of the enterotoxigenic E. coli thus limiting its attachment to the intestinal cell-
membrane receptors); and also due to water adsorption property of zeolites, the 
feces appear drier and more compact [32].

In human medicine there are studies that support the beneficial properties of 
purified natural clinoptilolite as an anti-diarrheic treatment [72]. More recent 
studies performed on aerobically trained subjects, who received for 12 weeks 
zeolite-clinoptilolite supplementation, highlighted the positive effects of zeolites 
on intestinal wall integrity. The results were based on decreased concentrations of 
zonulin, an intercellular tight junction modulator, improving in this way intestinal 
barrier integrity [73].

Also, clinoptilolite improve antioxidant capacity in broilers [74]; it is used as a 
feed additive in fish diets [75] and in turkey diets [76].

Analyzing the effects of clinoptilolite on mineral parameters in newborn 
Romanian Black and White calves that received 5 g/l (group E1) and 20 g/l (group 
E2) at parturition, and 12 and 24 h postpartum, we observed that clinoptilolite 
supplementation increased serum Ca (with 37.34% in group E1, with 21.42% in 
group E2 in comparison with the control group and with 13.11% in E1/E2 at 30 h 
postpartum), P (with 37.34% in group E1, with 21.42% in group E2 in comparison 
with the control group and with 13.11% in E1/E2 at 30 h postpartum), Mg concen-
tration (increased in groups E1 in comparison with the control group (p < 0.003) 
and E2 (p < 0.009) at 30 h postpartum in neonatal calves) with the most spectacu-
lar increase in iron concentration (with +144.70% in group E1 (p < 0.0005) and 
with +126.16% in group E2 (p < 0.002) at 30 h postpartum) [64].

When analyzing the same parameters in other breed (Holstein) and other 
colostrum quantity (3 L), we observed that the most significant effect (p < 0.0006) 
was on serum iron concentrations in experimental (27.64 ± 3.78 μmol/l) vs. control 
group (8.93 ± 1.26 μmol/l) and it did not have negative effects on other biochemical 
parameters (Ca, P, Mg, GGT, ALAT, ASAT, ALP) after 48 h postpartum, one more 
time proving that morpho-functional processes that take place in the newborns, 
necessary for adapting to the new environment, were not affected by clinoptilolite 
[63]. A possible explanation of increased iron level could be that in duodenum and 
in the anterior part of jejunum, where iron absorption takes place, clinoptilolite 
influences iron absorption due to the ion exchange properties, altering in this 
way the pH or reducing intestinal transit of digesta, which could lead to a better 
utilization of nutrients [32, 77]. It has been shown previously that low intestinal 
motility and acidic pH promote iron absorption and that in the bovine neonate, 
the pH of the whole intestinal content ranges from 5.5 to 6.5; also, the motility of 
the gastrointestinal tract becomes well organized only after 2–3 days of postnatal 
life [78, 79]. This feature could be important in preventing iron deficiency anemia 
(Fe < 14.32 μmol/l) especially in veal calves fed exclusively with milk.

Short term supplementation of clinoptilolite did not affect hepatic and renal 
function of newborn calves and that morpho-functional changes of the newborn 
organism in adapting to extrauterine environment were normal, without any influ-
ence of clinoptilolite, as observed after analyzing α-amylase, total bilirubin, creati-
nine, uric acid, urea, glucose, cholesterol and triglycerides. Biochemical values were 
measured in the first 48 h in the newborn calves. Values recorded were physiological 
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for the neonatal period and had no significant difference between groups, high-
lighting once more the safety of clinoptilolite in newborn nutrition [80].

The activity of the most important enzymes is changing very fast after the first 
feedings. We observed that adding clinoptilolite in the first three meals of colostrum 
influenced the enzymes as follows: GGT activity significantly increased in group E2 
(20 g/L clinoptilolite) at 6 h after birth (E2/C: +64.83%, p < 0.05) and in group E1 
(5 g/L clinoptilolite) at 16 h after birth (E1/C: +118.55%, p < 0.05) in comparison 
with the control group (C—received only mother colostrum); ALP increased after 
birth in all calves and adding clinoptilolite in colostrum influenced activity of ALP 
only in group E1 at 30 h postpartum; transaminases were low at birth in all calves 
but after feeding they increased, this coincided with the period when a morpho-
functional condition of the liver is changing in a newborn calf; adding clinoptilolite 
(5 g/L colostrum) to colostrum determined increased ASAT (E1/C: +71.58%, 
p < 0.01) and ALAT (E1/C: +278.82%, p < 0.006) activity at 30 h postpartum [81]. 
As literature data suggests, serum GGT is the only enzyme to increase markedly as a 
result of its absorption from the colostrum; other serum enzymes, such as aspartate 
aminotransferase (ASAT) and alkaline phosphatase (ALP), are presumably released 
from the tissues of the calf [82]. A good interpretation of the serum enzyme activity 
in newborn calves must consider the physiological increase which occurs after feed-
ing colostrum in the first days after parturition, a period very important for the calf 
but also for the cow [83].

6. Conclusion

Based on our research data and on continuously published literature data world-
wide regarding the use of zeolites in veterinary medicine, we confirm that they can 
be used in animal nutrition as feed additives, mainly to reduce the gastrointestinal 
absorption of mycotoxins; in newborn calves, they can be used as enhancers of 
passive immunity during colostral period; also, to increase health status and growth 
performance of animals and as an adjuvant in anticancer treatment, with a promis-
ing perspective in this field.
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